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Hydraulic fracturing is a widely used technique to enhance hydrocarbon production from 
low permeability shale formations. Optimal design of perforation tunnels can 
significantly reduce undesired near wellbore situations such as: fracture tortuosity, early 
screen-out and increased fracture initiation pressures. Also, understanding the mechanism 
by which the fracture initiates from perforated wellbores can result in larger fracture 
areas, therefore enhanced hydrocarbon production. Field studies, laboratory experiments, 
analytical models, and numerical simulations have been utilized to better understand 
fracture initiation from perforated wellbores. In this research project, some of the 
important analytical solutions are presented and used to investigate the fracture initiation 
from perforated wellbores. The newly lattice numerical simulation method was used to 
run multiple simulations to understand the effect of different parameters on fracture 
initiation and near wellbore propagation from perforations. The results showed that the 
geometry of the perforations tunnels have great effect on fracture initiation, for longer 
perforations tunnels lengths, more desirable fracture initiation was observed as compared 
to shorter perforations tunnels. The orientation of perforations tunnels relative to field 
stresses can have an effect on fracture initiation, orienting the perforations tunnels in a 
certain way with respect to field stresses can reduce fracture initiation pressures and 
initiate the fractures in a more desired way. The spacing between perforations tunnels can 
affect the way that the fractures initiate and propagate, perforations tunnels placed very 







Chapter 1 ........................................................................................ 1 
1.1 Introduction ...................................................................................................... 1 
1.2 Hydraulic Fracturing through Perforated Wellbores ....................................... 2 
1.3 Glossary Related to Perforations Tunnels ........................................................ 4 
1.4 Oriented Perforations Tunnels Method ............................................................ 5 
1.5 Objectives ........................................................................................................ 6 
1.6 Methodology .................................................................................................... 7 
1.7 Significance...................................................................................................... 8 
1.8 Thesis Structure ............................................................................................... 9 
1.9 Summary .......................................................................................................... 9 
Chapter 2 ...................................................................................... 11 
2.1 Field Scale Studies .................................................................................... 11 
2.2 Experimental Studies ................................................................................ 14 
2.3    Analytical Solutions .................................................................................... 20 
2.4.    Numerical Simulations............................................................................... 25 
Chapter 3 ...................................................................................... 31 
3.1 An Overview on Lattice Formulation ............................................................ 31 
Chapter 4 ...................................................................................... 34 
4.1 Stress Distribution Around a Randomly Oriented Wellbore .................... 35 
4.2 Stress Distribution Around a Wellbore Oriented Parallel to Minimum 
Horizontal Stress ......................................................................................................... 42 
4.3 Effect of Wellbore Casing on Induced Stresses ........................................ 44 
 
4.4 Axial versus Transverse Fractures ............................................................ 46 
4.5 Estimation of Fracture Initiation Pressure for a Perforated Wellbore Drilled 
Horizontally................................................................................................................. 53 
4.6 Summary ................................................................................................... 57 
Chapter 5 ...................................................................................... 59 
5.1 Effect of Perforations Tunnels Geometry on Fracture Initiation ................... 59 
5.2 Field Stress Anisotropy .................................................................................. 69 
5.3 The effect of Stress Regimes ......................................................................... 72 
5.4 Deviated Perforated Wellbore ........................................................................ 76 
5.5 Oriented Perforations Tunnels Method .......................................................... 77 
5.6 Spiral Perforations Tunnels Method .............................................................. 81 
5.7 Summary ........................................................................................................ 85 
Chapter 6 ...................................................................................... 86 
6.1 Conclusions .................................................................................................... 86 












List of Figures  
Fig.1.1. SRV of XL gel fracking versus water fracking in Barnett well (Cipolla et al. 
2009) ................................................................................................................................. 2 
Fig.1.2. Schematic of completing a vertical well using a perforated wellbore (Atkinson 
and Monmont 2009) .......................................................................................................... 3 
Fig.1.3. Glossary related to perforations tunnels (Zhan et al. 2012) ................................. 5 
Fig.1.4. Oriented perforations tunnels method (Zhu et al. 2015) ...................................... 6 
Fig.1.5. Schematic showing parts of a perforation tunnel (He et al. 2015) ...................... 5 
Fig. 2.1. Proppant placement in HF operation with no screenout (Pearson et al. 
1992)…………………………………………………………………………………....13 
Fig. 2.2. Proppant placement in HF operation with screenout (Pearson et al. 1992) ...... 13 
Fig. 2.3. Laboratory experiment of HF in perforated wellbore showing fracture link up 
near wellbore (Hallam and Last 1991)……………………………………………..…..16 
Fig. 2.4. Different wellbore orientations relative to field stresses (Abbas et al. 1994) ..... 9 
Fig. 2.5. Experiment of horizontal perforated wellbore drilled parallel to maximum 
horizontal stress (Abbas et al. 2009) ................................................................................. 9 
Fig. 2.6. A 400mm cubical shaped true tri-axial hydraulic fracturing test equipment 
(Zhu et al. 2013)………………………………………………………………………..11 
Fig. 2.7. Increased fracture curvature as a result of increased fracturing power 
(Fallahzadeh et al. 2017)……………………………………………………...………..20 
Fig. 2.8. Stress distribution around a perforated wellbore (Hossain et al. 2000) ........ …20 
Fig. 2.9. 𝜎𝜃𝑇 and 𝜎𝜃𝐿 around a perforation tunnel (Michael and Olson 2016) ............... 25 
Fig. 2.10. Cross section for a cased perforated wellbore (Water and Weng 
2016)…………………………………………………………...……………………….25 
Fig. 2.11. Fracture initiation pressure and location for variable intermediate field stress 
for a vertical wellbore (Aleeksenko et al. 2012) ............................................................. 26 
Fig. 2.12. Numerical model developed using XFEM (Sepehri et al. 
2015)……………………………………………………………………………………27 
Fig. 2.13. Lattice simulation of hydraulic fracture initiation from perforations (Zhang et 
al. 2016)………………………………………………………………………………..28 
Fig. 2.14. Modeled 2D shell (Shi et al. 2018)………………………………………….29 
Fig. 2.15. Fracture breakdown pressure for a normal faulting regime as a function of 
perforation orientation angle (Kurdi 2018)…………………………………………….29 
Fig. 2.16. Model geometry (left), and perforations tunnels arrangements investigated 
(right) (Huang 2020)…… .............................................. .Error! Bookmark not defined. 
Fig. 4.1. Redistribution of field stresses around an arbitrarily drilled wellbore (Hossain 
et al. 2000)……………………………………………………………………………..35 
Fig. 4.2. Induced stresses (σr, σθθ, σzθ) shown on a horizontally oriented 
wellbore……………………………………………………………………….………..38 
 
Fig. 4.3. Induced stresses around horizontal wellbore drilled parallel to the minimum 
horizontal stress, in a normal stress regime, for pw= 40 MPa (top), pw= 60 MPa 
(middle), and pw= 80 MPa (bottom) ……………………………………………....…..39 
Fig. 4.4. Induced stresses around horizontal wellbore drilled parallel to the minimum 
horizontal stress, in a strike slip stress regime, for pw= 40 MPa (top), pw= 60 MPa 
(middle), and pw= 80 MPa (bottom) …………………………………………........…..40 
Fig. 4.5. Induced stresses around horizontal wellbore drilled parallel to the minimum 
horizontal stress, in a reverse stress regime, for pw= 40 MPa (top), pw= 60 MPa 
(middle), and pw= 80 MPa (bottom) 
……………………………………………………...…………………………………..41 
Fig. 4.6. Induced stresses around a horizontal wellbore drilled along σh, (normal stress 
regime)……………………………………………………………………………….....43  
Fig. 4.7. Induced stresses around a wellbore drilled along σh, (strike slip stress regime)  
 …………………………………………………………………………...…………….43 
Fig. 4.8. Induced stresses around a wellbore drilled along σh, (reverse stress regime) 
 …………………………………………………………...………………………...…..43 
Fig. 4.9. Effect of wellbore casing on radial stress 
……………………………………………………………………………………...…..45 
Fig. 4.10. Effect of wellbore casing on tangential 
stress…………………………………………………………………...…………...…..45 
Fig. 4.11. Axial fracture initiation (left), transverse fracture initiation (right) 
……………………………………………...…………………………………………..46 
Fig. 4.12. Stress polygon for (μ = 0.6 and Pp = 0.433 psi/ft) after (Zoback et al. 2003) 
..……………………………………………………………….…………………….….47 
Fig. 4.13. σθL and σθT for a perforated wellbore (Michael and Olson 2018) 
…………………………………………………………..…….......................................48 
Fig. 4.14. Wellbore parallel to σh, perforation on the side of the wellbore (wellbore 
pressure = 40 MPa)………………………………………………….…………...……..50 
Fig. 4.15. Wellbore parallel to σh, perforation on the side of the wellbore (wellbore 
pressure = 60 
MPa)…………………………………………...……………………………………….51 
Fig. 4.16. Wellbore parallel to σh, perforation on the top of the wellbore (wellbore 
pressure = 40 MPa)………………………………………………………………...…..51 
Fig. 4.17. Wellbore parallel to σh, perforation on the top of the wellbore (wellbore 
pressure = 60 MPa)………………………………………………………………...…..52 
Fig. 4.18. Wellbore parallel to σH, perforation on the top of the wellbore (wellbore 
pressure = 40 MPa)………………………………………………………………...…..52 
Fig. 4.19. Wellbore parallel to σH, perforation on the top of the wellbore (wellbore 
pressure = 60 MPa) ………………………………………………………………...…..52 
Fig. 4.20. Effect of casing around wellbore on σθL and 
σθT………………………………………………………………………...…………....53 
to σh)…………………………………………………………..…...........................….. 
Fig.4.21. Effect of σh and σH anisotropy on fracture initiation pressure (wellbore 
parallel to σh)……………………………………………………………..……............56 
Fig.4.22. Effect of σV and σH anisotropy on fracture initiation pressure (wellbore 
parallel to σh)…………………………………………………………..…...………….57 
Fig.5.1. Three perforations tunnel lengths used for simulations (10 cm left, 14 cm 
middle and 18 cm 
right)…………………………………………………………..…...…………………...60 
Fig.5.2. Simulations results perforations tunnels with length of 10 
cm…………………………………………………………..…...……………………...61 
 
Fig.5.3. Simulations results of perforations tunnels with length of 14 
cm…………………………………………………………..…...……………………...61 
Fig.5.4. Simulations results of perforations tunnels with length of 18 
cm…………………………………………………………..…...……………………...62 
Fig.5.5. Pressure -time curves corresponding to three perforations tunnels 
lengths…………………………………………………………………………………..63 
Fig.5.6. Model with two perforations tunnels of 10 cm 
length…………………………………………………………..…...…………………..63 
Fig.5.6. Model with two perforations tunnels of 10 cm length 
…………………………………………………………..………………………….…..63 
Fig.5.7. Simulation results of a model with two perforations tunnels with length of 10 
cm……………………………………………………………………………………....64 
Fig.5.8. Simulation results of a model with two perforations tunnels with length of 18 
cm……………………………………………………..…........................................…..65 
Fig.5.9. Simulations results of perforations tunnels with diameter of 2.4 cm 
cm…………………………………………………………..…................................…..66 
Fig.5.10. Simulations results of perforations tunnels with diameter of 3 cm 
…………………………………………………………..….....................................…..67 
Fig.5.11. Simulations results of perforations tunnels with diameter of 3.6 cm 
…………………………………………………………..…...………………….……...68 
Fig.5.12. Pressure -time curves corresponding to three perforations tunnels diameters 
…………………………………………………………..…...………………………....68 
Fig.5.13. Simulations results for perforation models with horizontal stress ratio of 0.7 
…………………………………………………………..…...………………………....69 
Fig.5.14. Simulations results for perforation models with horizontal stress ratio of 0.85 
…………………………………………………………..………………………….…..70 
Fig.5.15. Simulations results for perforation models with horizontal stress ratio of 1 
 …………………………………………………………..…...………………………...71 
Fig.5.16. Pressure -time curves corresponding to three stress ratios 
…………………………………………………………..………………………….…..71 
Fig.5.17. Simulation results of reverse stress regime with vertical perforations tunnels 
…………………………………………………………..……………………….....…..73 
Fig.5.18. Simulation results of reverse Stress regime with horizontal perforations 
tunnels …………………………………………………………..….........................…..73 
Fig.5.19. Pressure -time curves corresponding to perforations tunnels placed 
horizontally and vertically with respect to a horizontal wellbore drilled along h in a 
strike slip stress 
regime…………………………………………………………..…………………..…..74 
Fig. 5.20. Simulation results of strike slip stress regime with vertical perforations 
tunnels …………...…………………………………………………………..…......…..75 
Fig. 5.21. Simulation results of strike slip stress regime with horizontal perforations 
tunnels ………………………………………………………………………..…...…....76 
Fig. 5.22. Pressure -time curves corresponding to perforations tunnels placed 
horizontally and vertically with respect to a horizontal wellbore drilled alongh in a 
strike slip stress regime ………………………………………………………..…...…..76 
Fig. 5.23. Model geometry for a 45° deviated wellbore with perforations perpendicular 
to the wellbore axis…………………………………………………...………..…...…..77 
Fig. 5.24. Fracture propagation in a 45° deviated wellbore with perforations 
perpendicular to the wellbore axis in a normal (left) strike slip (middle) and reverse 
(right) stress regime …………...………………………...…………………….…...…..77 
 
Fig. 5.25. Side view of three models considered for oriented perforation tunnels (from 
left normal, strike slip and reverse stress regimes, respectively) 
(right)…………………………………………………………..…...…………………..78 
Fig. 5.26. Simulation results of fracture initiation of oriented perforations tunnels in a 
normal stress regime setting as time evloves 
tunnels…………………………………………………………..…...………………….79 
Fig. 5.27. Simulation results of fracture initiation of oriented perforations tunnels in a 
strike slip stress regime as time evolves…………………….……………………...…..80 
Fig. 5.28. Simulation results of fracture initiation of oriented perforations tunnels in a 
reverse stress regime as time evolves……………………...…………………..…...…..81 
Fig.5.29.Pressure -time curves corresponding to oriented perforations tunnels 
method……………………………………………………...…………………………..81 
Fig. 5.30. Side view of three cases considered for spiral perforation tunnels geometry 
(from left normal, strike slip and reverse stress regimes, 
respectively)…………………………………..…...………..……………………….....82 
Fig. 5.31. Simulation results of fracture initiation for spiral perforations tunnels in a 
normal stress regime as time evolves …………………….......................................…..83 
Fig. 5.32. Simulation results of fracture initiation of spiral perforations tunnels in a 
strike slip stress regime as time evolves ……………………..………..…………...…..83 
Fig. 5.33. Simulation results of fracture initiation of spiral perforations tunnels in a 
reverse stress regime as time evolves ……………………………………………...…..84 
Fig.5.34.Pressure -time curves corresponding to spiral perforations tunnels 
method……………………………………………………...…………………………..84 
 
List of Tables   
Table 1: Cases considered for analytical solution 
…………………………………………………………..…...………………………....49 
Table 2: Principal stress magnitudes used to investigate the effect of stress anisotropies 
on fracture initiation pressure…………………………………………………………..56 














Unconventional reservoirs such as tight formations and plays, are known by their ultra-
low permeability. To economically produce hydrocarbon from these reservoirs, 
technology-based solutions need to be deployed. hydraulic fracturing (HF) is a widely 
accepted and applied technology for successful development of unconventional 
reservoirs. In recent years, oil and gas production from shale plays has significantly 
increased in many countries around the world. According to the U.S. Energy Information 
Administration (EIA), oil production in USA from shale plays averaged 4.9×106 barrels 
per day (b/d) in 2015, and is projected to reach an estimate average of 7.1×106 b/d in
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 2040, (EIA, 2016). The recent technological advancements also had a significant impact 
on the production of natural gas, according to U.S. EIA, the U.S. produced total of 30.6 
Tcft (trillion cubic feet) of natural gas in 2018, as compared to total of 18.05 Tcft of 
natural gas produced in 2005. HF along with horizontal drilling are two widely applied 
technologies to produce hydrocarbon from low permeability unconventional reservoirs. 
Drilling the wellbore horizontally as compared to vertically increases the contact area 
between the wellbore and the formation. HF is mainly utilized to increase the permeability 
of the formation and thus allowing hydrocarbon to flow through the rock’s matrix, and 
eventually find its way into the wellbore. In HF, slick water and added chemicals are 
pumped into the formation at a very high injection rate and pumping pressure, in order to 
break (frack) the rock and increase its permeability. Proper HF design would make the 
operation to become economically viable, as it will enhance hydrocarbon production rate 
and reduce costs associated with the HF operation (Belyadi et al. 2019).  
The fractures initiated near wellbore can have different lengths, widths, and heights. 
As a result, a complex fracture network is expected to be formed near wellbore (Chong 
et al. 2010). The HF design is related to several parameters. Some of these parameters 
cannot be altered such as the geological attributes and mechanical properties of the 
targeted formation and the field in-situ stresses. Other parameters can be designed and 
controlled such as the fracturing fluid injection rate and viscosity, wellbore’s completion 
type, number of HF stages and the spacing between closely adjacent wellbores. 
Understanding how these parameters affect the initiation and the propagation of hydraulic 
fractures can increase the stimulated reservoir volume (SRV). The SRV is defined as the 
product of gross stimulated area as measured by the microseismic mapping (Mayerhofer 
et al. 2006). The SRV is one of the measures used to assess the success of the formation’s 
stimulation. Figure 1.1 is an example of the SRV for a HF operation in Barnett Shale for 
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two cases. The blue dots represent microseismic events that show the fractured locations 
in the stimulated reservoir. The left case represents the operation done using XL Gel as 
the fracturing fluid, while the case on right is the operation done using water as the 
fracturing fluid. The SRV is 430 Million ft3 in the left case and 1450 Million ft3 in the 
right case, the gas produced from the water fracking was almost double of that produced 
from XL Gel fracking (Cipolla et al. 2009 and Warpinski et al. 2005). 
 
Fig.1.1. SRV of XL gel fracking versus water fracking in Barnett well (Cipolla et al. 2009)   
Another important factor in HF operation is the orientation of the fracture near 
wellbore. As the fractures initiate, they can either have a longitudinal orientation (parallel 
to the wellbore axis) or a transverse orientation (perpendicular to the wellbore axis). 
Generally speaking, it is more desirable in HF to initiate transverse fractures along the 
wellbore’s wall as compared to longitudinal fractures. In limited cases, where the 
permeability of the targeted formation is relatively high, longitudinal fractures are more 
desirable to have (Michael et al. 2018).   
 1.2 Hydraulic Fracturing through Perforated Wellbores 
Vertical, deviated and horizontal wellbores are drilled to extract hydrocarbon from 
reservoirs. In many cases the wellbore is enforced by installing a steel pipe and cementing 
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it to the wellbore’s wall. The wellbore is then connected to the adjacent formation using 
a completion method. Perforations tunnels is one of the common ways to connect the 
wellbore to the formation as depicted in Figure 1.2. In case of using perforations tunnels, 
perforating guns are put on a string tool and lowered down the wellbore on a wireline 
cable. The perforating guns are equipped with shaped charges filled by high explosives 
compressed behind conical liners, which can produce jets of metal particles propagating 
with high velocity and penetrating the casing and the formation (Atkinson and Monmont 
2009). 
.  
Fig.1.2. Schematic of completing a vertical well using a perforated wellbore (Atkinson and 
Monmont 2009) 
Perforations tunnels act as a conduit between the reservoir and the wellbore. The 
fracturing fluid is injected through perforations tunnels that are oriented and located in a 
specific design. The proppant used to keep fractures opened after they are formed is also 
injected through these perforations tunnels. As the production stage begins, hydrocarbon 
is transitioned from the reservoir to the wellbore through perforations tunnels. Many 
attributes are related to the design of the perforations tunnels. These attributes include the 
orientation of the perforations tunnels relative to in-situ stresses, the shot density of the 
perforations tunnels, geometry, type of gun used, number and configuration of 
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perforations tunnels. These design parameters can have a significant effect on the fracture 
initiation, some of these effects include the fracture initiation pressure, near wellbore 
fracture tortuosity and multiple fractures (Zhu et al. 2015). 
 1.3 Glossary Related to Perforations Tunnels 
There are some main terminologies that are used in HF operations, that are related to the 
design of perforations tunnels. In this section we present some of the most important 
terms. Perforation density is the number of perforations tunnels per length unit, this term 
is used to describe the configuration at which the perforations tunnels are placed and 
sometimes called shot per foot (spf). Perforation penetration is the term used to describe 
the length of the perforation tunnel, it is usually measured starting from the point at which 
the perforation tunnel exceeds the wellbore’s casing and penetrates the formation. 
Perforation phasing is the term used to describe the radial distribution of the perforations 
tunnels around the wellbore’s axial axis. It can be used to resemble the angle that each 
perforation tunnel makes with other perforation tunnels in the same plane. Perforated 
interval is the section of the wellbore at which the perforations tunnels are shot to create 
a conduit between the wellbore and the reservoir. Crushed and damaged zone diameters 
are the terms used to quantify the unit length of the damaged formation around the 
perforation tunnel and the wellbore, respectively. Figure 1.3 is a schematic of a perforated 
wellbore (Chong et al. 2010 and Zhan et al. 2012).  
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Fig.1.3. Glossary related to perforations tunnels (Zhan et al. 2012) 
 1.4 Oriented Perforations Tunnels Method 
Oriented perforations tunnels method is used in order to make the fracture to initiate in a 
preferred direction that is called preferred fracture plane (PFP), such as depicted in Figure 
1.4. In this method, using orientation devices, perforation holes are oriented in a direction 
perpendicular to the minimum horizontal stress. Implementing this perforating method in 
the HF design has its well-known advantages such as reducing the FIP and minimizing 
the tortuosity effect near wellbore (El Rabaa 1989). A gyroscope is usually used to orient 
the perforations tunnels in the desired direction i.e. the orientation can be anywhere from 
0-360°, as depicted in Figure 1.5. Mainly two types of gyroscope systems are available. 
Depending on the way the gyroscope is transported into the wellbore they are known as 
tubing conveyed gyroscope and cable conveyed gyroscope (He et al. 2015). Although 
orienting the perforation tunnels in preferred direction relative to the principal field 
stresses, false interpretation of the direction of these stresses can result in orienting the 
perforations falsely and thus greatly reducing the HF efficiency. Similar unwanted 
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consequences may result in case of perforations tunnels misalignment (Ceccarelli et al. 
2010).    
 
Fig.1.4. Oriented perforations tunnels method (Zhu et al. 2015) 
 
Fig.1.5. Schematic showing parts of a perforation tunnel (He et al. 2015) 
 
 1.5 Objectives 
In this project we will investigate the behaviour of fractures initiated through a perforated 
wellbore. The near wellbore fracture geometry and the FIP might change from one case 
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to another depending on many different parameters that will be investigated in this 
project. The followings are the main objectives of this research study. 
1. Comprehensive review of existing literature on HF initiation through perforated 
wellbores. The review includes field studies, analytical models, numerical simulations 
and laboratory experiments. 
2. Present and discuss multiple analytical models available in the literature that discuss 
HF through perforated wellbores. 
3. Investigate the effect of varying in-situ stress magnitudes on the induced stresses 
around horizontally drilled wellbores and the effect of in-situ stress anisotropy on the 
FIP using analytical models. 
4. Review and study the analytical models related to the cases at which a transverse or 
a longitudinal fracture initiate from a perforated wellbore. 
5. Investigate the effect of different parameters on HF initiation through perforated 
wellbores. The parameters that will be investigated include fracturing fluid injection 
rate and viscosity, wellbore and perforation tunnels orientation angles, effect of 
wellbore casing, in-situ stress regime and anisotropy. 
6. Present and discuss the features and the capabilities of the lattice based HF simulator 
XSite and study the effect of different parameters on the simulation results.  
7. Implement lattice based numerical simulation to simulate HF through perforated 
wellbores and study the near wellbore behavior of hydraulic fractures.  
8. Compare numerical simulation results with laboratory experiments available in the 
literature, and with analytical models presented in this study.  
 1.6 Methodology  
The following approaches will be used in execution of this project.  
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1. Analytical models that investigate the impact of parameters related to HF design on 
the FIP and on the type of initiated fracture will be used and the results are interpreted. 
2. Data from Bakken Formation will be used in the analytical models to study the near 
wellbore behavior of initiated fractures. 
3. Numerical simulation software XSite will be utilized to build numerical models and 
perform simulations of HF through perforated wellbores. The models will be built 
using data of Bakken Formation. The models will be used to investigate the impact of 
several parameters related to HF through perforated wellbores on the FIP and on the 
type of fracture initiated. These parameters will include fluid properties, injection rate 
and in-situ stresses. 
4. Results obtained from laboratory experiments found in the literature will be collected 
and used to validate the numerical simulations results.  
5. Conclusions on the type of initiated fracture (axial or transverse) as well as the FIP 
will be drawn, based on the observations of results of analytical models and numerical 
simulations.  
 1.7 Significance  
1. XSite, a numerical simulation tool developed by Itasca Group for HF simulation will 
be used to investigate near wellbore behavior of fractures initiated from perforated 
wellbores. The numerical simulation tool offers great capabilities and features 
suitable for this study. This is one of the first attempt to use XSite for such 
simulations. 
2. The use of numerical simulation and analytical models in this project will present an 
opportunity to address the gaps and differences between the two approaches and the 
range of their applicability in real cases.  
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3. The comparison of the XSite simulations with other software will be useful to identify 
the strengths and limitations of this software for future uses.   
 1.8 Thesis Structure  
This thesis consists of six Chapters. 
Chapter 1 is an introduction to the project. A brief overview on HF in perforated 
wellbores is given. The objectives, methodology and significance of this project are also 
presented.  
Chapter 2 includes a literature review of the studies related to HF in perforated 
wellbores. The review covers field studies, analytical models, laboratory experiments and 
numerical simulations.  
In Chapter 3 we present a brief overview on the simulation software used in this 
study, XSite. The formulation used in XSite and discussing features, elements and 
capabilities of the software will form the content of this Chapter.  
In Chapter 4 several analytical models that investigate the initiation of hydraulic 
fractures through perforated wellbores will be presented. Data sets of Bakken Formation 
are used to carry out analysis using the analytical models. 
Chapter 5 is presentation and discussions of the results obtained from the numerical 
simulations performed in this study.     
 In Chapter 6 a summary of the findings from this study will be presented along with 
some recommendations and future studies that can be carried out. 
 1.9 Summary  
In this Chapter we presented a brief introduction on HF and its evolvement in oil and gas 
industry. A summary of the HF operation in perforated wellbores completions and and 
some of the common perforation methods were discussed. The objectives, significance 
Chapter 1 Hydraulic Fracturing through Perforated Wellbores 
and the methodology related to this project, as well as the structure of this thesis were 
also presented.  
In the next Chapter, a review of the literature will be presented to give a background 
to the HF through perforated wellbores. This will include a review of field studies, 








In this Chapter we present a review of the literature on HF initiation through perforated 
wellbores. The Chapter is divided into four sections related to field level, lab 
experimental, analytical models and numerical simulation studies. 
2.1 Field Scale Studies  
Oil and gas operators tend to learn from previous experiences in terms of drilling, 
stimulation and production operations performed in the field. As operators perform more 
HF jobs, they tend to learn from these experiences, and implement the lessons learnt in 
future operations, to make them more economically viable and to enhance stimulation 
operations. Data of HF field operations also represent a great resource for scientist if 
available, as they can be used to verify results obtained from laboratory experiments and 
Chapter 2 Literature Review  
12 
 
numerical simulations. Although it is not always easy to find data from field operations 
as companies tend to keep operations results confidential, some valuable studies are found 
in the literature and will be presented in this section. One of the first field studies that 
presented the results of HF operation through perforated wellbores is the work of (Pearson 
et al. 1992). They presented the results of HF operation conducted on 26 wells located in 
Kuparuk River Field, Alaska. Oriented perforations tunnels method was used in order to 
make the fractures to initiate along the preferred fracture plane. Limited entry method 
was also used to increase the total stimulated area. They found that orienting perforations 
tunnels in a preferred direction can significantly reduce the perforation friction pressure 
loss, as compared to the case where perforations tunnels are not oriented in the preferred 
direction. They also found that larger stimulated areas can be achieved when oriented 
perforations technique is used. Although they presented important results and conclusions 
from field operations, the effect of oriented perforations on production rate was not 
discussed.  
Klaas et al. (2004) presented the results of HF operation through perforated wellbores 
performed in Western Siberia, Russia. The operations presented were done in reservoirs 
with permeability of 1-30 mD. They observed that most field operations had screenout 
problems which were caused due to reduced development of fractures width at the 
perforations walls. Such problems can cause increased initiation pressure and inefficient 
proppant placement. They recommended some solutions that can be implemented to 
avoid such problems when conducting HF operations in perforated wellbores. These 
solutions included using appropriate fracturing fluid, limiting the perforated intervals, and 
proper selection and placement of perforating guns. Figures 2.1 and 2.2 depict two cases 
of proper and improper placement of proppant, respectively. The improper proppant 
placement occurred in the second case was due to screenout.  





      
Fig. 2.1. Proppant placement in HF operation with no screenout (Pearson et al. 1992) 
 
Fig. 2.2. Proppant placement in HF operation with screenout (Pearson et al. 1992) 
Roudakov and Rohwer (2006) presented the results of HF operations conducted in 
Eastern New Mexico using single stage fracturing technique. They presented results of 
operations performed in 20 wells, the lessons learnt and recommendations based on what 
they observed. They concluded that although oriented perforations technique has great 
Chapter 2 Literature Review  
14 
 
effect on restricting the fracture initiation location, costs associated with determining the 
direction of stresses and placing the perforations in the preferred direction, reduces the 
attractiveness of this technique.  
Salah and Gabry (2017) presented results of multistage HF operations performed in 
perforated cemented wellbores and openhole wellbores. The study took place in Western 
Desert of Egypt. They concluded that cemented sliding sleeve with degradable drop ball 
system is a cost wise attractive stimulation technique.    
2.2     Experimental Studies 
Daneshy (1973) carried out one of the first experiments to understand the HF initiation 
from a wellbore drilled in a right rectangular prism shaped rock samples of 6in ×6in×10in. 
Three rock types were used in the experiment including Carthage limestone, Indiana 
limestone and hydrostone. The parameters studied in this experiment were the 
pressurization rate, in-situ stresses and the orientation of the drilled wellbore. He found 
that the breakdown pressure increased with the increase of the wellbore pressurization 
rate. As the samples used in this study were relatively small, the fracture did not have 
enough space to propagate and reorient. Also, only one type of fracturing fluid was used 
in the experiments of this study.  
El Rabaa (1989) conducted 22 laboratory experiments on horizontal perforated cased 
wellbores. Rock blocks of 6in×12in×8in. were used in the experiments and stresses were 
applied to the samples using triaxial testing equipment. He found that the length of the 
perforation tunnel has a great impact on the initiation of fractures near wellbore. For a 
perforation tunnel 4 times longer than the wellbore diameter, multiple fractures are 
observed near wellbore. It was also concluded that in many cases, not all perforations 
tunnels contribute to the initiation and propagation of fractures. This depends on many 
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parameters such as the applied stresses, the spacing between perforations tunnels and the 
orientation of the wellbore. Although this study provided great conclusions on the 
behavior of fracture initiation near wellbore, the magnitudes of injection rate used in this 
study were relatively high, which does not give the chance to fully realize the behavior 
of hydraulic fractures initiation.  
Behrmann and Elbel (1991), conducted similar HF laboratory tests, however, they 
used larger samples compared to previous studies to better understand the mechanism at 
which the fracture initiates near wellbore. They used 27in×27in×43in sandstone blocks 
pressured at 8000 psi using a triaxial testing equipment. The experiments were done for 
horizontal wellbore orientations parallel and perpendicular to the least horizontal stresses. 
They found that the hydraulic fracture can either initiate at the perforation base or at the 
wellbore wall. They also noted that although multiple fractures initiated, only one single 
fracture propagated away from wellbore wall. They did not compare the experimental 
results with any theoretical models to validate them.  
Hallam and Last (1991), conducted similar laboratory experiments for deviated 
perforated wellbores. They recommended that for a perforated wellbore, the perforations 
tunnels should be oriented in the direction of the preferred fracture plane with 180° 
orientation phasing. In case that the directions of stresses in the field are unknown, they 
recommended that a low perforations phasing angle should be used. They noted that 
closely placed perforations tunnels can enhance fractures link up near wellbore as 
depicted in Figure 2.3. 




Fig. 2.3. Laboratory experiment of HF in perforated wellbore showing fracture link up near wellbore 
(Hallam and Last 1991) 
Abbas et al. (1994) performed laboratory experiments using hydrostone samples. 
They studied the effect of oriented perforations tunnels on the fracture behavior near 
wellbore. They experimented this effect for vertically and horizontally oriented 
wellbores. The horizontal wellbores used were either parallel or deviated with an angle 
relative to the horizontal principal stresses as depicted in Figure 2.4. From the 
experimental work, they concluded that oriented perforations used in horizontal and 
vertical wellbores are advantageous as placing perforations tunnels in-line with the 
preferred fracture plane can increase fracture width near wellbore, reduce fracture 
initiation pressure and limit the initiation of multiple fractures near wellbore. The 
mechanical properties of the samples used in the experiments did not represent real field 
conditions.  




Fig. 2.4. Different wellbore orientations relative to field stresses (Abbas et al. 1994) 
Ketterij et al. (1997) performed similar experiments and modified the test procedure 
in several ways including using higher viscosity fracturing fluid and used variable 
fracturing fluid injection rates and viscosities throughout the experiments, which made 
the experiments to represent different realistic cases. The experiments were conducted for 
perforated deviated and horizontal wellbores in a 12in cubical shaped cement block. They 
found that the best option to perforate deviated wellbores is shooting perforations tunnels 
in a row and to limit the spacing between perforations not exceeding more than 4 times 
the perforation diameter.  
Abass et al. (2009) experimentally investigated the geometry of initiated fracture 
from horizontally and vertically oriented wellbores, an example of a horizontal perforated 
wellbore drilled parallel to the maximum horizontal stress is depicted in Figure 2.5. As 
can be seen from this Figure, which shows the top view of the sample, an axial fracture 
initiated. Although they experimentally investigated the geometry of initiated fractures, 
their study was more focused on non-perforated open hole completions, and only limited 
set of experiments in perforated wellbores were presented.       




Fig. 2.5. Experiment of horizontal perforated wellbore drilled parallel to maximum horizontal stress 
(Abbas et al. 2009) 
Zhu et al. (2013) experimentally studied fracture initiation for deviated wellbores. 
They performed several experiments using different wellbore deviation and orientation 
angles, and perforations tunnels orientation angles. Figure 2.6 presents the true tri-axial 
equipment used in this study. They found that the fracture geometry is highly dependent 
on the perforation tunnels orientation with respect to the minimum horizontal stress. They 
reported that for a perforation tunnel oriented perpendicular to the minimum horizontal 
stress and regardless of the wellbores’ orientation and deviation angles, a large fracture 
plane initiates from the perforation tunnel. They also found that as the angle between the 
perforation tunnel and minimum horizontal stress increase, the fracture geometry 
becomes more complex. They also found that reducing stress ratio of principal stresses 
(i.e. stress anisotropy) increases the complexity of initiated fracture geometry. Although 
this study provided great conclusions on fracture initiation, the effect of changing 
fracturing fluid viscosity and injection rate was not covered in the experiments. 




Fig. 2.6. A 400mm cubical shaped true tri-axial hydraulic fracturing test equipment (Zhu et al. 2013) 
Fallahzadeh et al. (2017) conducted laboratory experiments on synthetic rock 
samples to study the effect of fracturing fluid viscosity and injection rate on the fracture 
initiation mechanism in perforated wellbores. They used three types of fracturing fluid 
viscosities ranging from 20 to 600 Pa.s and for each sample, different injection rates 
ranging from 0.05 to 5 cc/min were applied. They investigated the effect of “fracturing 
energy”, which represents the product of injection rate multiplied by the fluid viscosity, 
on the fracture initiation. They normalized the fracturing energy by the wellbore’s 
pressurization time and introduced a new parameter called the “fracturing power”. As the 
value of the fracturing power increased, they noted that the fracture initiation pressure 
increased and the fracture tended to initiate as a curve becoming perpendicular to the 
maximum horizontal stress, which represents an axial fracture geometry, as depicted in 
the schematic shown in Figure 2.7. This result is in line with the analytical models and 
simulation results that will be presented in Chapter 5.   




Fig. 2.7. Increased fracture curvature as a result of increased fracturing power (Fallahzadeh et al. 
2017) 
2.3    Analytical Solutions 
Analytical solutions are used in HF studies in order to predict the fracture initiation 
mechanism using simplified physical relationships. In case of cased and open-hole 
perforated wellbores, many analytical solutions have been developed in the past few 
decades that helped to predict the way the fracture initiates near wellbore. Although these 
solutions are usually based on many assumptions and simplifications, they can be very 
helpful to predict induced stresses around a wellbore or perforations tunnels, fracture 
initiation pressure, the location at which the fracture initiates and the geometry of an 
initiated fracture. One of the attempts in developing analytical solutions to investigate the 
fracture initiation mechanism from perforated wellbores is the work of (Hossain et al. 
2000). They developed Equations that can predict the fracture initiation pressure for 
perforated wellbores based on calculations of induced stresses. The parameters used to 
develop these Equations include orientation and deviation of the wellbore, far field 
stresses, wellbore pressure, and perforation orientation. Figure 2.8 is a representation of 
the induced stresses around a perforated wellbore.  




Fig. 2.8. Stress distribution around a perforated wellbore (Hossain et al. 2000) 
The Equations developed can also predict the geometry of the fracture initiated from 
a perforated wellbore. For a vertical perforated wellbore, they developed Equation 2.1 to 
estimate the fracture initiation pressure. For a wellbore drilled horizontally parallel to the 
minimum horizontal stress, they developed Equations 2.2. and 2.3 to estimate the fracture 
initiation pressure for a perforation tunnel placed parallel to the vertical field stress and 
parallel to the maximum horizontal stress, respectively.   
𝑃𝑖𝑛𝑖𝑡 =  
1
4








(9𝜎𝑣 − 𝜎ℎ − 3𝜎𝐻 + 2𝑣(𝜎𝑣 − 𝜎𝐻))                                                                                   (2.3) 
Hossain et al. (2000) also calculated the induced tangential stresses 𝜎𝜃𝑡 and 𝜎𝜃𝑙 and 
axial stress 𝜎𝑧𝜃 around the perforation tunnel. These stresses were then used to predict 
the type of fracture initiated from a perforated wellbore. They found that the likelihood 
of a longitudinal fracture to initiate from a perforated wellbore increases in the following 
cases: 1- increasing deviation angle of the wellbore 2- reducing severity of a normal stress 
regime 3- perforations tunnels are not oriented in a preferred orientation relative to field 
Chapter 2 Literature Review  
22 
 
stresses. For all previous cases, they found that a transverse fracture initiates in case of a 
low wellbore fluid pressure. They concluded that for a given far field stress ratios, an 
optimum wellbore orientation and deviation angles that results in the lowest fracture 
initiation pressure can be obtained. Although the work of Hossain et al. (2000) is 
considered to be one of the important analytically driven solutions for perforated 
wellbores, some assumptions were made in the study. For example, they assumed that the 
pore pressure in the formation and the formation tensile strength are equal to zero. Also, 
they did not take into consideration the effect of cement and casing of the wellbore.  
Fallahzadeh and Shadizadeh (2010) developed an analytical solution to estimate the 
fracture initiation pressure for a fracture initiating from a perforation tunnel. The model 
is based on estimating the stresses induced around the peroration tunnel first, and then 
estimating the fracture initiation pressure using the tensile failure criteria method. 
Equations 2.4 to 2.8 are used to estimate the stresses induced around a perforation tunnel. 
𝜎𝑟𝑝 = 𝑃𝑤                                                                                                                                              (2.4) 
𝜎𝜃𝜃𝑝 = 𝜎𝑧 + 𝜎𝜃 – 2(𝜎𝑧− 𝜎𝜃) cos 2 𝜃𝑝 – 𝑃𝑤 – 4 𝜏𝑥𝑦 𝑠𝑖𝑛2𝜃p                                                             (2.5) 
𝜏𝑟𝜃𝑝 = 𝜏𝑟𝑧𝑝 = 0                                                                                                                                   (2.6) 
𝜏𝜃𝑧𝑝 = 2( −𝜏𝑠𝑖𝑛2𝜃𝑝 +𝜏𝑦𝑧 cos 𝜃𝑝)                                                                                                      (2.7) 
𝜎𝑧𝑝 = 𝜎𝑟 – 2  (𝜎𝑧− 𝜎𝜃) cos 2𝜃𝑝  − 4𝑣 𝜏𝑧𝜃 sin 2𝜃𝑝                                                                        (2.8) 
In the above Equations the subscript p is added to relate the Equations to the 
perforation tunnel. Although they introduced a method to calculate the fracture initiation 
pressure, they did not discuss anything related to the geometry of the initiated fracture.   
Michael and Olson (2016) extended the work of Hossain et al. (2000) and proposed 
an analytical solution for perforated wellbores that predicts the type of fracture initiated 
as a function of wellbore pressure. They also predicted the type of fracture generated as 
a function of relative field stresses values. They used the two extreme tangential stress 
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values around the perforation tunnel, 𝜎𝜃𝑇 and 𝜎𝜃𝐿 as depicted in Figure 2.9 and created a 
breakdown window for transverse and longitudinal fracture initiation. The created 
breakdown window is related to these two stress values, as the wellbore pressure 𝑃𝑤 
increase, 𝜎𝜃𝑇 remains constant and 𝜎𝜃𝐿 decrease (becomes less tensile) which creates the 
breakdown window.  
 
Fig. 2.9. 𝜎𝜃𝑇 and 𝜎𝜃𝐿 around a perforation tunnel (Michael and Olson 2016) 
They also discussed the case at which the fluid leaks from the wellbore wall, and 
how this can change the type of initiated fracture. They conducted the analysis for several 
wellbore and perforations tunnels orientations. They concluded that as the wellbore 
pressure increases, the possibility of a longitudinal fracture to initiate becomes higher. 
They also concluded that bad cementing job along the wellbore’s wall causes fluid 
leakages from the wellbore’s wall. This promotes longitudinal fractures to initiate as 
opposed to transverse fractures.      
Waters and Weng (2016) developed an analytical solution to estimate the fracture 
initiation pressure for perforated cased wellbores. They took into account the effect of 
wellbore’s casing in their solution. They considered the transmission factor that results 
from the availability of steel casing around the wellbore. Value of transmission factor 
affects the pressure applied by the wellbore fluid on the rock face. Higher value reduces 
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pressure exerted by the fluid on the rock face, lower value reduces it as can be seen in 
Equation 2.10 (Waters and Weng, 2016). Higher Young’s modulus, Poisson’s ratio and 
casing’s thickness increase transmission factor value, as can be seen in Equation 2.9 






















                                                                                                  (2.9)        




2                                                                                                                 (2.10) 
in the above Equations, 𝑝𝑅 is the pressure exerted by wellbore fluid on rock face, 𝑝𝑤 
is the wellbore’s fluid pressure, 𝑣𝑠 and 𝐸𝑠 are the casing’s Poisson’s ratio and Young’s 
modulus, respectively, 𝑅𝑖
  is the internal diameter of the wellbore and 𝑅𝑜
  is the internal 
diameter of the wellbore plus the casing’s thickness as depicted in Figure 2.10. From the 
analytical solution results, they concluded that for a cased perforated wellbore, and for a 
wellbore drilled parallel to the minimum horizontal field stress, a transverse fracture may 
be initiated. However, for an uncased wellbore, a transverse fracture will most likely not 
initiate unless natural fractures exist near wellbore wall. They also found that for a 
perforated wellbore with a good cementing job (low transmission factor value), the 
possibility of a transverse fracture to initiate increases. In their analytical solution, they 
differentiated between the two cases of a fracture initiating from the perforation tunnel 
base and from the perforation tunnel tip. They found that for a normal stress regime, most 
of the time the fracture would initiate at the base of the perforation tunnel, however, it 
could also initiate at the tip as well due to low stress variation along the perforation tunnel 
for this case. They concluded that the fracture initiation is mostly affected by three 
dominat factors of perforation tunnel geometry, field stresses ratio, and the orientation of 
the wellbore.      




Fig. 2.10. Cross section for a cased perforated wellbore (Water and Weng 2016) 
2.4.    Numerical Simulations 
Experimental methods conducted in laboratory settings used to study HF operations often 
come with tremendous costs and efforts. Analytical solutions are based on many 
assumptions and simplifications. To overcome the associated drawbacks with 
experimental and analytical methods, numerical studies have been used to study HF 
initiation and propagation. Several numerical simulation methods were used in the 
literature to study topics related to HF operations. Romero et al. (1995) numerically 
investigated the mechanism of fracture initiation near perforated wellbores. They 
specifically investigated the fracture tortuosity effect and the pressure drop in perforations 
tunnels, and how perforations tunnels misalignment is related to these two effects. They 
concluded that the effect of tortuosity near wellbore can be treated by pumping more 
viscos fluid.  
Atkinson and Eftaxiopoulos (2000) used a two dimensional numerical model that 
applied the stress intensity function to study fracture initiation from cased wellbores. 
They considered two extreme boundary conditions, pure bond and pure slip between the 
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steel/cement and the cement/rock interfaces. They did not consider fracture initiation 
from perforations tunnels.  
Aleeksenko et al. (2012) implemented a numerical solution for a perforated wellbore 
that estimates the fracture initiation pressure and the fracture initiation location relative 
to the wellbore and to the perforation tunnel. The implemented solution is based on the 
3D boundary element method and it allowed to estimate the location of fracture initiation 
under different conditions such as variable field stress values, perforation tunnels 
geometry and angles. Figure 2.11 represents an example taken from study of a vertical 
wellbore with variable intermediate field stresses values. It can be seen that the fracture 
initiates at a different location and the FIP varies for each of the three cases. They found 
that for a vertical perforated wellbore, and if the perforation tunnel is oriented less than 
60° away from the preferred direction, the fracture would initiate at the base of the 
perforation tunnel. And for a horizontal wellbore, the fracture would initiate along the 
wellbore at the wellbore/perforation interface for the same orientation. They concluded 
that the orientation of the perforation tunnel relative to the preferred direction has the 
largest effect on the FIP compared to other parameters such as the perforation tunnel’s 
length, diameter and shape.  
   
Fig. 2.11. Fracture initiation pressure and location for variable intermediate field stress for a vertical 
wellbore (Aleeksenko et al. 2012) 
Briner et al. (2015) utilized the boundary element method and the maximum tensile 
criteria to perform numerical simulations that estimates the FIP for variable perforations 
tunnels orientations. The method was utilized to compare the effectiveness of different 
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perforations techniques. Data from a field located in Sultanate of Oman was used as an 
input for the simulation. Field data was also used to verify numerical results. They found 
that perforation tunnels with misalignment of 30° with the preferred fracture plane can 
cause a 30% increase of the FIP. They did not consider the effect of fluid flow coupled 
with elasticity in their modeling.  
Sepehri et al. (2015) developed an Extended Finite Element Method (XFEM) model 
as depicted in Figure 2.12 to investigate the effect of perforations tunnels geometry, field 
stresses anisotropy and elastic formation properties on HF initiation. They concluded that 
FIP increased as the wellbore’s deviation angle increased. Also, fractures initiated from 
wellbores with higher deviation angles, required more time to reorient perpendicular to 
the minimum field stress. They also found that in case closely spaced perforations tunnels 
were placed in different orientation angles, fractures tend to initiate from perforations 
with less deviated angle from the preferred fracture plane.    
 
 
Fig. 2.12. Numerical model developed using XFEM (Sepehri et al. 2015) 
Zhang et al. (2016) used the lattice based method to study the fracture initiation in 
horizontal and vertical perforated wellbores. A 4 ft cubical model was used in this study 
as depicted in Figure 2.13. Rock properties, in-situ stresses, and wellbore geometries were 
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defined in the model, and six spiral shaped perforations tunnels with 60° phasing were 
assigned for both cases of horizontal and vertical wellbores. The results illustrated that 
although some perforations are deviated equally with respect to maximum horizontal 
stress, the fractures did not propagate from all these perforations and the effect of coalesce 
of two near perforations was evident in the simulation results.     
 
Fig. 2.13. Lattice simulation of hydraulic fracture initiation from perforations (Zhang et al. 2016) 
Shi et al. (2018) implemented a finite element model using ABAQUS to study the 
effect of mechanical properties and treatment parameters on fracture behavior. The finite 
element model was defined using several governing Equations that described the fluid 
flow and the failure criteria of the simulated sample. A 100m2 2D shell that included a 
perforated wellbore in the middle was created as depicted in Figure 2.14. The model’s 
parameters included random natural fractures, in-situ stresses, porosity, permeability and 
pore pressure. They modelled the influence of altering Poisson’s ratio, Young’s modulus, 
horizontal stresses, pumping rate, fluid viscosity and perforations angles on fracture 
propagation. It was found that the presence of weak natural fractures resulted in complex 
fracture networks.   




Fig. 2.14. Modeled 2D shell (Shi et al. 2018) 
Kurdi (2018) developed a MATLAB code that models the induced stresses around 
perforations tunnels to estimate the FIP in highly deviated perforated wellbores drilled in 
Shale Formations. The model is based on transforming field stresses into induced stresses 
around the cased wellbore and then transforming these stresses into induced stresses 
around perforations tunnels. Once the stresses around perforations tunnels are found, the 
FIP can be estimated based on the tensile strength of the formation. Figure 2.15 is an 
example of fracture breakdown pressure of a normal fault regime at different perforations 
orientation angles.  
 
Fig. 2.15. Fracture breakdown pressure for a normal faulting regime as a function of perforation 
orientation angle (Kurdi 2018) 
The analytical and numerical models presented so far in this Chapter did not 
investigate real perforations tunnels arrangements used in field applications. Huang et al. 
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(2020) used the 3D Lattice method to numerically investigate fracture initiation of three 
perforations tunnels arrangements used in field HF operations. A vertical wellbore drilled 
in a strike slip regime setting was used in the study. They presented findings of HF 
initiation through spiral, oriented and tristim perforations tunnels arrangements such as 
depicted in Figure 2.16.  They found that the fractures initiate in a different manner for 
each perforations tunnels arrangement initially as they start to form. However, after a 
certain time the fractures start to look similar for all perforations tunnels arrangements as 
they propagate. They concluded that the fracture initiation through perforations tunnels 
depends mainly on two factors, the orientations of perforations tunnels relative to field 
stresses directions, and the stress shadow effect resulting from interaction between closely 
spaced perforations tunnels.   
 










In this Chapter, a brief introduction to the lattice formulation as a relatively new numerical 
simulation method is given. This will be followed by an introduction to the XSite 
software, which has been developed by Itasca Group based on lattice simulation 
(Damjanac et al. 2011). 
3.1 An Overview on Lattice Formulation 
XSite is a newly developed numerical simulator that is based on the Synthetic Rock Mass 
(SRM) model (Pierce et al. 2007). The SRM can be visualized as an assembly of particles 
connected together using joints. Slip or separation may occur between bonded particles 
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based on the smooth joint model (SJM). The lattice code implemented in XSite uses point 
masses connected together by non-linear springs, previously developed models used 
spherical particles instead. The lattice method provides greater computational efficiency 
compared to previous models. The code simulates the fluid flow inside the rock matrix, 
considering the anisotropy nature of the formation, newly developed cracks and the 
availability of randomly distributed fracture networks. The lattice method is based on 
weighted nodes that are connected by springs. The fractures are represented by the failure 
of these springs. The velocity and the location of each node at a certain simulation time 


























 ∆𝑡                                                                                           (3.2) 
In the Equations above, t is the instantaneous time, ?̇?i is the velocity of component i, 
ui is the position of component i and ∑ 𝐹i represents the summation of all forces acting on 
a node with a certain mass (m). Each of the nodes in the code has an angular velocity that 
can be calculated by summating all acting moments on that node, as indicated by Equation 















∆𝑡/𝐼                                                                                   (3.3) 
Relative displacements of the nodes in the model are used to calculate the force 
change in springs, using Equations 3.4 and 3.5, (Damjanac et al. 2020). 




𝑆𝑘𝑆∆𝑡                                                                                                         (3.5) 
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𝑘𝑆 and 𝑘𝑁 are the shear and normal stiffness in the spring, respectively. The flow 
logic in XSite is dependent on the lubrication equation. The flow rate along fractures is 
calculated based on equation 3.6 shown below (Damjanac et al. 2020):   
   𝑞 = 𝛽𝑘𝑟
𝑎3
12𝜇
[𝑝𝐴 − 𝑝𝐵 + 𝜌𝑤𝑔(𝑍
𝐴 − 𝑍𝐵)]                                                                          (3.6) 
where 𝑎 is hydraulic aperture, 𝜇 is viscosity of the fluid, 𝑝𝐴 and 𝑝𝐵 are fluid pressures 
at elements 𝐴 and 𝐵, respectively, 𝑍𝐴 and 𝑍𝐵 are elevations of elements 𝐴 and 𝐵, 
respectively, and 𝜌𝑤 is fluid density., (Damjanac et al. 2020). 
The fluid flow criteria in XSite is divided into fluid flow inside rock matrix and fluid 
flow in predefined natural fractures/normal faults in the model. Different fluid flow 
criteria are considered for the two cases. The fluid flow in natural fractures is represented 
by a network of fluid nodes that are connected by pipes. The flow network between these 
pipes is initially generated for the predefined fractures, as the micro cracks are created 
the code create new fluid nodes and connects them. The fluid flow pressure can be 




 𝐾f ∆𝑡f                                                                                                                     (3.7) 
Where ?̅?f  is the fluid bulk modulus, 𝑉 is the node volume and  ∆𝑇f is the flow time 
step, the pressure created by fluid flow in the rock matrix can be solved using Equation 
3.8, (Damjanac et al. 2020). 
∆𝑃(i)  = (𝑞𝑙𝑒𝑓𝑡 
𝑖 - 𝑞𝑟𝑖𝑔ℎ𝑡
𝑖 )k∆𝑡𝑓/A
2                                                                                         (3.8) 
k is the mechanical stiffness of the fluid element, A is the spring area, ?̅?f  is the fluid’s 
bulk modulus and V is the node volume (Damjanac et al. 2020). 
The fluid in the code is assumed to flow between adjacent nodes through the springs.  
a is the hydraulic aperture, 𝜇 is the viscosity of fracturing fluid, 𝑝 is the fluid pressure at 








Several analytical models have been proposed by researchers to predict fracture initiation 
pressure taking into account the effect of some parameters such as wellbore orientation, 
state of stresses, fluid injection rate and the mechanical properties of the formation. Some 
of these models are presented in this Chapter and their applications are evaluated 
numerically using data from Bakken formation.  In this Chapter, first, a brief review of 
the analytical solution of Hossain et al. (2000) used to estimate the induced stresses 
around a randomly oriented wellbore is presented, and the effect of the type of stress 
regime on the induced stresses is discussed. Then, we present the analytical model of 
Zeng et al. (2019), which studies the effect of wellbore casing on the induced stresses. 
After that, the analytical model of Michael and Olson (2016) which discusses the 
competetion between axial and transverse fracture initiation from perforated wellbores 
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will be presented and discussed. Finally, fracture initiation pressure from perforated 
wellbores for several cases will be discussed in this Chapter. 
4.1 Stress Distribution Around a Randomly Oriented Wellbore 
After drilling, stresses are redistributed around the wellbore (Bernard and Stephansson, 
1997). The induced stresses around the wellbore can be defined in the polar coordinate 
system as depicted in Figure 4.1. Assuming homogeneous, linear elastic and isotropic 
formation, Hossain et al. (2000) derived the Equations for stress distribution around an 
arbitrarily oriented wellbore as: 
 
Fig. 4.1. Redistribution of field stresses around an arbitrarily drilled wellbore (Hossain et al. 2000) 
𝜎𝑟 = 𝑃𝑤                                                                                                                           (4.1) 
𝜎𝜃𝜃 = 𝜎𝑥 + 𝜎𝑦 – 2(𝜎𝑥− 𝜎𝑦) cos 2 𝜃 – 𝑃𝑤 – 4 𝜏𝑥𝑦 𝑠𝑖𝑛2𝜃                                                 (4.2) 
𝜏𝑟𝜃 = 𝜏𝑟𝑧 = 0                                                                                                                            (4.3) 
𝜏𝜃𝑧 = 2( −𝜏𝑠𝑖𝑛2𝜃 +𝜏𝑦𝑧 cos 𝜃)                                                                                            (4.4) 
𝜎𝑧𝜃 = 𝜎𝑧 – 2 𝑣 (𝜎𝑥− 𝜎𝑦) cos 2𝜃  − 4𝑣 𝜏𝑥𝑦 sin 2𝜃                                                        (4.5) 
where: 
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𝜎𝑟: radial stress exerted on wellbore wall by fluid pressure 
𝑃𝑤: fluid pressure inside wellbore  
𝜃: radial angle around wellbore (0~360°) 
𝜎𝜃𝜃: tangential stress around wellbore at angle 𝜃 
𝜎𝑧𝜃: axial stress along wellbore wall 
σ: normal stress   
𝜏: shear stress 
From the geometry depicted in Figure 4.1, one can see that for a horizontal wellbore, 
when 𝜃 = 0° and 𝜃 = 180° the stresses are calculated at the top and bottom of the wellbore, 
respectively and when 𝜃 = 90° the stresses are calculated at the side of the wellbore. 
Normal and shear stresses at different wellbore orientation and deviation angles can be 
estimated using the following Equations: 
𝜎𝑥 = (𝜎ℎ 𝑐𝑜𝑠
2𝛽 +  𝜎𝐻𝑠𝑖𝑛
2𝛽)𝑐𝑜𝑠2𝜓 + 𝜎𝑉𝑠𝑖𝑛
2𝜓                                                              (4.6) 
𝜎𝑦 = 𝜎ℎ𝑠𝑖𝑛
2 𝛽 + 𝜎𝐻 𝑐𝑜𝑠
2 𝛽                                                                                        (4.7) 
𝜎𝑧 = (𝜎ℎ 𝑐𝑜𝑠
2 𝛽 + 𝜎𝐻 𝑠𝑖𝑛
2𝛽) 𝑠𝑖𝑛2𝜓 −  𝜎𝑉𝑐𝑜𝑠
2𝜓                                                      (4.8) 
𝜏𝑦𝑧 = 0.5(𝜎𝐻 − 𝜎ℎ ) 𝑠𝑖𝑛2𝛽𝑠𝑖𝑛𝜓                                                                                  (4.9) 
𝜏𝑧𝑥 = 0.5 (𝜎ℎ 𝑐𝑜𝑠
2 𝛽 + 𝜎𝐻 𝑠𝑖𝑛
2𝛽 −  𝜎𝑉) 𝑠𝑖𝑛2𝜓                                                          (4.10) 
𝜏𝑥𝑦 = 0.5(𝜎𝐻 − 𝜎ℎ ) 𝑠𝑖𝑛2𝛽𝑐𝑜𝑠𝜓                                                                               (4.11) 
where: 
𝛽: wellbore deviation angle   
𝜓: wellbore inclination angle 
𝜎𝑧: vertical field stress  
𝜎ℎ: minimum horizontal field stress 
𝜎𝐻: maximum horizontal field stress 
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We used the above model presented by Hossain et al. (2000) to estimate the induced 
stresses around a horizontal wellbore drilled parallel to the minimum horizontal stress as 
depicted in Figure 4.2. Figures 4.3, 4.4 and 4.5 present the results for cases of normal, 
strike slip and reverse stress regimes, respectively. For normal stress regime calculations, 
we used the values of stresses as 𝜎𝑧 = 69 MPa, 𝜎ℎ= 41 MPa and 𝜎𝐻 = 61 MPa. For strike 
slip stress regime calculations, we used the values of stresses as 𝜎𝑧 = 52 MPa, 𝜎ℎ= 44 
MPa and 𝜎𝐻 = 61 MPa. . For reverse stress regime calculations, we used the values of 
stresses as 𝜎𝑧 = 38 MPa, 𝜎ℎ= 44 MPa and 𝜎𝐻 = 61 MPa. For each of the three cases; the 
induced stresses were calculated for angular positions of 0-180° around the wellbore and 
using three wellbore pressure values of 40 MPa, 60 MPa and 80 MPa. As it is expected, 
and indicated by Equation 4.1, the wellbore radial stress 𝜎𝑟 around the wellbore is always 
equal to  𝑃𝑤. This is depicted in Figures 4.3, 4.4 and 4.5, where 𝜎𝑟 = 40 MPa, 60 MPa and 
80 MPa for the top, middle and bottom Figures, respectively.  It can be noticed from 
Figure 4.3 that the magnitude of the tangential stress 𝜎𝜃𝜃 is reducing and is getting closer 
to the value of the axial stress along wellbore wall 𝜎𝑧𝜃 as the wellbore pressure increases. 
Since in Figure 4.3 the stress regime is normal, 𝜎𝜃𝜃 is the least when the angular position 
is 𝜃 = 0° and reaches to its highest value at 𝜃 = 90°. This is due to the fact that at 𝜃 = 0°, 
𝜎𝜃𝜃 is influenced by the two horizontal stresses, whereas at 𝜃 = 90° 𝜎𝜃𝜃 is  a function of 
𝜎ℎ and 𝜎𝑣 (note that 𝜎𝑣 is the highest stress component for the normal stress regime). This 
observation is reversed for the cases of strike slip and reverse stress regimes depicted in 
Figures 4.3 and 4.5, respectively. In these two cases,  𝜎𝜃𝜃 is the least at 𝜃 = 0° and is 
maximized at 𝜃 = 90°. The amount of tangential stress around the wellbore relative to the 
angular position is more severe for the case of a reverse stress regime compared to the 
other two stress regimes, Figure 4.5. This is because for this case at 𝜃 = 90°, 𝜎𝜃𝜃 is 
influenced by 𝜎ℎ and 𝜎𝑣 (note that 𝜎𝑣 is the least stress magnitude in reverse stress 
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regime). In this case and for 𝜃 = 0° the tangential stress 𝜎𝜃𝜃 is a function of 𝜎ℎ and 𝜎𝐻, 
i.e. the two horizontal stresses. 𝜎𝑧𝜃 follows the same trend as compared with 𝜎𝜃𝜃 relative 
to the wellbore angular position. 
 
Fig. 4.2. Induced stresses (𝜎𝑟 , 𝜎𝜃𝜃, 𝜎𝑧𝜃) shown on a horizontally oriented wellbore 
As the wellbore pressure increases, the tangential stresses around the wellbore wall 
reduce, as can be seen from the results of Figures 4.3 to 4.5. The axial stress along the 
wellbore wall 𝜎𝑧𝜃 is not affected by the wellbore pressure and as can be noticed from the 
same Figures, does not change as the wellbore pressure increases. The above analyses 
provide an understanding of how the wellbore induced stresses behave relative to 
dependent variables, such as wellbore pressure, field stresses, wellbore orientation and 
wellbore angular position. This is helpful in understanding the fracture initiation 
mechanism. As will be further investigated and discussed later in this Chapter, the 
magnitudes of the wellbore induced stresses determine the type of initiated fracture, i.e. 
axial or longitudinal or transverse fracture. The induced stresses are also used to estimate 










Fig. 4.3. Induced stresses around horizontal wellbore drilled parallel to the minimum horizontal stress, in 
a normal stress regime, for 𝑝𝑤= 40 MPa (top), 𝑝𝑤= 60 MPa (middle), and 𝑝𝑤= 80 MPa (bottom)  






Fig. 4.4. Induced stresses around horizontal wellbore drilled parallel to the minimum horizontal stress, in 
a strike slip stress regime, for 𝑝𝑤= 40 MPa (top), 𝑝𝑤= 60 MPa (middle), and 𝑝𝑤= 80 MPa (bottom)  






Fig. 4.5. Induced stresses around horizontal wellbore drilled parallel to the minimum horizontal stress, in 
a reverse stress regime, for 𝑝𝑤= 40 MPa (top), 𝑝𝑤= 60 MPa (middle), and 𝑝𝑤= 80 MPa (bottom) 
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4.2  Stress Distribution Around a Wellbore Oriented Parallel to 
Minimum Horizontal Stress  
For a wellbore oriented parallel to the minimum horizontal stress, the induced stresses 
around the wellbore with radius 𝑟𝑤 and for a given angular position 𝜃 around the wellbore, 
can be calculated as a function of distance R from the wellbore center using the Equations 










































                     (4.13) 




 𝑐𝑜𝑠2𝜃]                                                                      (4.14) 
In Figure 4.6, the stress regime is normal, and thus the highest stress in the field is 
𝜎𝑣. In Figures 4.7 and 4.8, the summation of the horizontal stresses relative to the vertical 
stress  are greater than that of Figure 4.6, therefore, it can be noticed that the induced 
tangential stress 𝜎𝜃𝜃is highest in case of reverse stress regime and the least in case of 
normal stress regime. The change of axial stress along wellbore wall 𝜎𝑧𝜃 due to the stress 
disturbance is not noticeable, and is almost constant regardless of the distance from the 
wellbore center. All induced stresses, regardless of the type of the stress regime, return to 








Fig. 4.6. Induced stresses around a horizontal wellbore drilled along 𝜎ℎ, (normal stress regime)  
 
Fig. 4.7. Induced stresses around a wellbore drilled along 𝜎ℎ, (strike slip stress regime)  
 
Fig. 4.8. Induced stresses around a wellbore drilled along 𝜎ℎ, (reverse stress regime) 
Chapter 4 Analytical Models  
44 
 
4.3 Effect of Wellbore Casing on Induced Stresses 
Casings in cased and cemented wellbores have a significant effect on the induced stresses 
around the wellbore wall, and thus affect the fracture initiation pressure and the type of 
initiated fracture (Waters and Weng 2016). The Young’s modulus of the wellbore casing 
is considerably higher than that of the surrounding rock. In such types of wellbores, as 
the fracturing fluid is injected, only part of the fluid’s radial pressure is transmitted to the 
surrounding rock, this causes the radial stress around the wellbore wall 𝜎𝑟
𝑐 to decrease 
and the tangential stress around the wellbore wall 𝜎𝜃𝜃
𝑐  to increase, as mathematically 
stated as the followings (Zeng et al. 2019): 
𝜎𝑟




2  𝑝𝑤                                                                                                       (4.15) 
𝜎𝜃𝜃

























2 ]⁄                                                            (4.17) 
In the above Equations: 
𝑇𝐹 : transmission factor 
𝐸𝑠 : Young’s modulus of the casing  
𝑣𝑠: Poisson’s ratio of the casing 
𝐸: Young’s modulus of the formation  
𝑅𝑜
 : outer radius of casing  
𝑅𝑖
 : inner radius of casing 
𝑣: Poisson’s ratio of the formation  
The values of the induced radial and tangential stresses due to the existence of a 
casing with the inner and outer radius of 170 mm and 190 mm, respectively, were 
calculated. The Young’s modulus of the casing was considered as 150 GPa and we used 
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the values of rock’s Poisson’s ration and Young’s Modulus of 0.3 and 30 GPa and normal 
stress regime with 𝜎𝑉 = 69 MPa, 𝜎ℎ= 44 MPa and 𝜎𝐻= 60 MPa. As the presented results 
of Figures 4.9 and 4.10 show, the radial stress is reduced and tangential stress is increased 
due to the casing, with the maximum impact near wellbore and vanishing as we move 4 
times the wellbore radius away from the wellbore wall. 
 
Fig. 4.9. Effect of wellbore casing on radial stress 
 
Fig. 4.10. Effect of wellbore casing on tangential stress 
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4.4 Axial versus Transverse Fractures 
Generally, it is well known that hydraulic fracture tends to propagate in a path 
perpendicular to the minimum principal stress, (Behrmaan and Elbel 1991).  
However, the initiation of the fracture near wellbore may be different as compared 
to its propagation direction further away from the wellbore wall, when passes the induced 
stresses disturbed zone. This may be due to the added pressure of the fracturing fluid 
inside the wellbore, as well as the stress alteration caused by the cement and casing in 
cased hole completion. Figure 4.11 shows schematically the geometry of axial 
(longitudinal) versus transverse fracture. In the earlier case the fracture propagates along 
the borehole axis, whereas, in the latter case, the propagation is perpendicular to the 
wellbore axis. 
 
Fig. 4.11. Axial fracture initiation (left), transverse fracture initiation (right) 
Several parameters can influence the type of the fracture created. These include: the 
orientation of the wellbore relative to the in-situ stresses, magnitudes of field stress 
anisotropies, fluid injection rate, the fracturing fluid viscosity and floe rate (Abbas et al. 
2013). To visualize the possible range of the magnitudes of horizontal principal stresses 
and the possible range for the state of stresses for a given formation frictional coefficient 
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and a specific pore pressure gradient, a stress polygon that relates the principal field 
stresses with each other has been proposed by (Zoback et al. 2003). Figure 4.12 shows an 
example of stress polygon. The polygon is constructed by assuming a frictional 
coefficient value (typically between 0.6 – 0.8) and assuming that the ratio of the 
maximum to minimum effective stress cannot exceed the magnitude required to cause 
faulting on an optimally oriented pre-existing fault (Nelson et al. 2004). The following 
procedure is used to construct the stress polygon, (Zoback et al. 2003): 
1- Horizontal stress isotropy limit line is constructed, where (𝜎ℎ = 𝜎𝐻). 
2- Assume a frictional coefficient value (𝜇 = 0.6) and pore pressure (𝑃𝑝= 0.433 psi/ft). 
3- The normal stress regime limit is determined by applying Equation 4.18 and assuming 
(S1 = 𝜎𝑣), and (S3 = 𝜎ℎ). 
4- The reverse stress regime limit is determined by applying Equation 4.18 and assuming 
(S1 = 𝜎𝐻), and (S3 = 𝜎𝑣). 
5- The limit of the strike slip regime is the line that connects the limit lines of the normal 
and the reverse stress regimes. 
𝑆1−𝑃𝑝
𝑆3−𝑃𝑝
  ≤  (𝜇 + √(1 + 𝜇2) )
2
                                                                                 (4.18) 
 
Fig. 4.12. Stress polygon for (𝜇 = 0.6 and 𝑃𝑝 = 0.433 psi/ft) after (Zoback et al. 2003) 
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Michael and Olson (2018) used the stress polygon method to visually realize the 
possibility of a fracture to initiate from a perforated wellbore as a transverse or an axial 
fracture, for a given stress state and a wellbore orientation. They constructed two lines on 
the polygon that represent two perpendicular tangentional stresses around the perforation 
tunnel (𝜎𝜃𝐿 , 𝜎𝜃𝑇), as depicted in Figure 4.13. Based on this analytical model, for a 
transverse fracture to initiate the following criterica must be met: 
1- 𝜎𝜃𝑇  < -T. 
2- 𝜎𝜃𝑇 < 𝜎𝜃𝐿. 
otherwise the initiated fracture would be axial. Here, T is the tensile strength of the 
formation, values of 𝜎𝜃𝐿 and 𝜎𝜃𝑇 can be estimated based on the orinetiaon of the wellbore 
and the location of the perforation tunnel using the following Equations 19 to 24 (Michael 
and Olson 2018). 
 
Fig. 4.13. 𝜎𝜃𝐿 and 𝜎𝜃𝑇  for a perforated wellbore (Michael and Olson 2018) 
For a wellbore oriented parallel to the minimum horizontal stress and the perforation 
tunnel placed on the side of the wellbore: 
 𝜎𝜃𝐿= 9𝜎𝑉 − 3𝜎𝐻 −   (𝜎ℎ −  2𝑣(𝜎𝐻 − 𝜎𝑉)) − 4 𝑝𝑤 −    𝑝𝑝                                              (4.19) 
 𝜎𝜃𝑇 = 3𝜎ℎ −  (2 −  6𝑣)(𝜎𝑉 − 𝜎𝐻) −  𝜎𝑉 −  𝜎𝐻 −  𝑝𝑝                                               (4.20) 
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For a wellbore oriented parallel to the minimum horizontal stress and the perforation 
tunnel placed on the top of the wellbore: 
𝜎𝜃𝐿 =  9𝜎𝐻 − 3 𝜎𝑉 − (𝜎𝐻 − 2𝑣(𝜎𝑉 − 𝜎𝐻)) − 4 𝑝𝑤 −  𝑝𝑝                                       (4.21) 
𝜎𝜃𝑇 = 3𝜎ℎ −  (2 −  6𝑣)(𝜎𝐻 − 𝜎𝑉) −  𝜎𝐻 − 𝜎𝑉 −  𝑝𝑝                                              (4.22) 
For a wellbore oriented parallel to the maximum horizontal stress and the perforation 
tunnel placed on the top of the wellbore: 
 𝜎𝜃𝐿= 9𝜎ℎ − 3𝜎𝑉 −   ( 𝜎𝐻 −  2𝑣(𝜎𝑉 − 𝜎𝐻)) − 4 𝑝𝑤 −  𝑝𝑝                                               (4.23) 
 𝜎𝜃𝑇 = 3𝜎𝐻 − (2 −  6𝑣)(𝜎ℎ − 𝜎𝑉) −  𝜎ℎ −  𝜎𝑉 −  𝑝𝑝                                                      (4.24) 
Using the data in Table 1 and considering six cases presented in Table 1, we applied 
the above Equations to predict the type of the fracture that will initiate from the 
perforation. The results are depicted in Figures 4.14 to 4.19 corresponding to cases 1 to 6 
in Table 1, respectively. 




Orientation   
Wellbore 
Pressure 
Case 1 Parallel to 𝜎ℎ On wellbore side 40 MPa 
Case 2 Parallel to 𝜎ℎ On wellbore side 60 MPa 
Case 3 Parallel to 𝜎ℎ On wellbore top 40 MPa 
Case 4 Parallel to 𝜎ℎ On wellbore top 60 MPa 
Case 5 Parallel to 𝜎𝐻 On wellbore top 40 MPa 
Case 6 Parallel to 𝜎𝐻 On wellbore top 60 MPa 
Figure 4.14 shows that depending on the stress regime either transverse or longitdinal 
fracture may initiate. For normal stress regime one may expect transverse fractue to 
initiate. In case of reverse stess regime axial fracrture is always expected whereas for 
strike slip stress regime presence of axial or transverse is likely depending on the 
magnitude of the stresses. Figure 4.15 presents the results similar  to case 1 with increased 
wellbore pressure by 50%. This results the increase in likelihood of axial fractures to 
occur from the welllbore wall. This result is in agreement with findings of other 
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researchers where they have observed that by increasing the fluid injection rate more axial 
fractures are expected to develop as mentioned in Chapter 2, (Fallahzadeh et al. 2017). 
Similar analysis was done for a wellbore parallel to the minimum horizontal stress and 
perforation tunnel placed on the top of the wellbore, Figures 4.16 and 4.17, Figure 4.16 
shows that depending on the stress regime either transverse or longitudinal fracture may 
initiate, similar to cases 1 and 2 and as depicted in Figure 4.17, increasing the wellbore 
pressure results in the increase in likelihood of axial fractures to occur from the welllbore 
wall. 
Similar analysis was done for a wellbore oriented parallel to the maximum horizontal 
stress, Figure 4.18 and 4.19. In these Figures, one can notice that for cases 5 and 6, the 
initiated fracture is always longitudinal regardless of the wellbore pressure. This result is 
in agreement with findings of other researchers where they have observed that for a 
wellbore oriented parallel to maximum hotizontal field stress, more axial fractures are 
expected to develop as mentioned in Chapter 2, (Waters and Weng 2016). 
 
Fig. 4.14. Wellbore parallel to 𝜎ℎ, perforation on the side of the wellbore (wellbore pressure = 40 MPa) 
 
 





Fig. 4.15. Wellbore parallel to 𝜎ℎ, perforation on the side of the wellbore (wellbore pressure = 60 MPa) 
 
Fig. 4.16. Wellbore parallel to 𝜎ℎ, perforation on the top of the wellbore (wellbore pressure = 40 MPa) 




Fig. 4.17. Wellbore parallel to 𝜎ℎ, perforation on the top of the wellbore (wellbore pressure = 60 MPa) 
 
Fig. 4.18. Wellbore parallel to 𝜎𝐻, perforation on the top of the wellbore (wellbore pressure = 40 MPa) 
 
Fig. 4.19. Wellbore parallel to 𝜎𝐻, perforation on the top of the wellbore (wellbore pressure = 60 MPa) 
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Figure 4.20 presents the tangential stresses 𝜎𝜃𝐿 and 𝜎𝜃𝑇 around the perforation tunnel 
plotted as a function of the wellbore pressure. In Figure 4.20 the two dashed horizontal 
lines represent 𝜎𝜃𝑇 for the case of cased and uncased wellbore. The two solid lines 
represent 𝜎𝜃𝐿 for the case of cased and uncased wellbore. As the wellbore pressure 
increase, the stresses responsible for initiating a longitudinal fracture become more tensile 
and thus the likelihood of a longitudinal fracture to initiate increases. Installation of casing 
around the wellbore causes the window of the transverse fracture to become larger as 
compared to the case with no casing available around the wellbore. 
 
Fig. 4.20. Effect of casing around wellbore on 𝜎𝜃𝐿 and 𝜎𝜃𝑇 
4.5 Estimation of Fracture Initiation Pressure for a Perforated Wellbore Drilled 
Horizontally  
Waters and Weng (2016) introduced an analytical model to calculate the fracture 
initiation pressure for fractures initiating from perforated wellbores drilled horizontally, 
the analytical model can also predict the type of the initiated fracture; an axial or a 
transverse fracture. The model takes into consideration the effect of casing and cement 
installation. The induced stresses around the wellbore have a significant effect on the 
fracture initiation in case the fracture initiates at the perforation tunnel base. For a long 
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perforation tunnel, i.e. (perforation length > 4 wellbore radius) and if the fracture initiates 
from the perforation tunnel tip, then the effect of induced stresses around the wellbore on 
the fracture initiation becomes lower, and far field stresses have larger effect in such case. 
In case the fracture initiates at the perforation tip, Equations 4.25 – 4.28 can be used to 
estimate the fracture initiation pressure (𝑃𝑖𝑛𝑖𝑡,𝑡𝑖𝑝 ) as a function of the in-situ stresses and 
formation’s tensile strength (𝑇). When the wellbore is drilled parallel to the minimum 
horizontal field stress and the perforations tunnels are located on the top of the wellbore:  
𝑃𝑖𝑛𝑖𝑡,𝑡𝑖𝑝 = 3𝜎ℎ −  𝜎𝐻 +  𝑇                                          (4.25) 
When the wellbore is drilled parallel to the minimum horizontal field stress and the 
perforations tunnels are located on the side of the wellbore:  
𝑃𝑖𝑛𝑖𝑡,𝑡𝑖𝑝 = 3𝜎ℎ −  𝜎𝑉 +  𝑇                                         (4.26) 
When the wellbore is drilled parallel to the maximum horizontal field stress and the 
perforations tunnels are located on the side of the wellbore:  
𝑃𝑖𝑛𝑖𝑡,𝑡𝑖𝑝 = 3𝜎ℎ −  𝜎𝐻 +  𝑇                                         (4.27) 
When the wellbore is drilled parallel to the maximum horizontal field stress and the 
perforations tunnels are located on the top of the wellbore: 
𝑃𝑖𝑛𝑖𝑡,𝑡𝑖𝑝 = 3𝜎𝐻 − 𝜎𝑉 +  𝑇                                         (4.28) 
In case the fracture initiates from the perforation tunnel base, then the fracture 
initiation pressure can be predicted by calculating the induced stresses around the 
wellbore 𝜎𝜃 and 𝜎𝑧  . The fracture initiates when the pressure inside the wellbore satisfies 
Equation 4.29: 
 𝑇 = 3𝜎1 −  𝜎2 −  𝑝𝑤                                                                                                  (4.29) 
The value of 𝑝𝑤 that satisfies Equation 4.29 will be the fracture initiation pressure. 
In this Equation, 𝜎1  and 𝜎2 are the lower value and higher values of 𝜎𝜃 or 𝜎𝑧 , respectively.  
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𝜎𝜃 and 𝜎𝑧  can be calculated based on the position of the wellbore relative to the field 
stresses and the location of the perforation tunnel relative to the wellbore using the 
following Equations: 
Wellbore is drilled parallel to the 𝜎ℎ and the perforations tunnels are located on the 
top/bottom of the wellbore: 




2                                 
𝜎𝑧  =  𝜎ℎ − 2𝑣(𝜎𝑉 − 𝜎𝐻)                                                                                          (4.30) 
Wellbore is drilled parallel to 𝜎ℎ and the perforations tunnels are located on the side 
of the wellbore: 




2   
𝜎𝑧  =  𝜎ℎ + 2𝑣(𝜎𝑉 − 𝜎𝐻)                                                                                           (4.31) 
Wellbore is drilled parallel to the 𝜎𝐻 and the perforations tunnels are located on the 
top/bottom of the wellbore: 




2    
𝜎𝑧  =  𝜎𝐻 − 2𝑣(𝜎𝑉 −  𝜎ℎ)                                                                                          (4.32) 
Wellbore is drilled parallel to 𝜎𝐻 and the perforations tunnels are located on the side 
of the wellbore: 




2   
𝜎𝑧  =  𝜎𝐻 + 2𝑣(𝜎𝑉 −  𝜎ℎ)                                                                                             (4.33) 
The magnitude of principal stresses given in Table 2 below were used to investigate 
the effect of stress anisotropies on fracture initiation pressure for a wellbore drilled 
parallel to the minimum horizontal field stress.  
Table 2: Principal stress magnitudes used to investigate the effect of stress anisotropies on fracture 
initiation pressure  
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Constant 𝝈𝒉 Constant 𝝈𝑽 
σH(MPa) σV(MPa) σh(MPa) σH(MPa) σV(MPa) σh(MPa) 
60 65 44 55 69 50 
58 67 44 57 69 48 
56 69 44 59 69 46 
54 71 44 61 69 44 
52 73 44 63 69 42 
The results of Figure 4.25 correspond to the cases where the vertical stress is kept 
constant and horizontal stress anisotropy is increased as shown in right side of Table 2. 
For this case, if the perforation tunnel is placed on the top of the wellbore, then the 
increase in horizontal stress anisotropy causes the fracture initiation pressure to raise. This 
effect is reversed in case the perforation tunnel being placed on the side of the wellbore, 
as can be seen from Figure 4.25. Figure 4.26, represents the results when 𝜎ℎ is kept 
constant and the vertical and the maximum horizontal stresses were varied,  as shown on 
the left side of Table 2. For both cases in Figures 4.21 and 4.22, the horizontal stress 
anisotropy causes the fracture initiation pressure to raise when the perforation tunnel is 
placed on the top of the wellbore, the effect was reversed when the perforation tunnel is 
placed on the side of the wellbore. These results will be further investigated and discussed 
in Chapter 5. 
 
Fig.4.21. Effect of 𝜎ℎ and 𝜎𝐻 anisotropy on fracture initiation pressure (wellbore parallel to 𝜎ℎ) 




Fig.4.22. Effect of 𝜎𝑉 and 𝜎𝐻 anisotropy on fracture initiation pressure (wellbore parallel to 𝜎ℎ) 
4.6  Summary  
In this Chapter an overview of different analytical models used to study fracture initiation 
from perforated wellbores was presented. It was seen that these models are based on some 
simplified assumptions, so when one using these models, should carefully consider their 
limits and application ranges.  
While these models provide great knowledge about the effect of different parameters 
on fracture initiation from perforated wellbores, they cannot be conveniently used for 
simulation of real cases where fractures with different geometry and properties are 
distributed around a perforated wellbore. Therefore, we introduce the lattice numerical 
modelling in the next Chapter, which will be used to conduct numerical simulations of 
some of the cases presented in this Chapter to compare the results with analytical 
solutions. We also expand this to more complex cases where analytical solutions do not 
exist and interpret the results. The results of numerical simulations will be presented in 
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Chapter 5. In the next Chapter we also simulate fracture propagation pressure and discuss 


















In this Chapter, numerical simulation results of hydraulic fracturing through perforated 
wellbores are presented. Several parameters are investigated, and results are interpreted 
and discussed. In the next Chapter, conclusions based on the project are made, and several 
recommendations will be presented.  
5.1 Effect of Perforations Tunnels Geometry on Fracture Initiation  
To study the effect of perforations tunnels geometry on fracture initiation, numerical 
simulations were performed with varying the perforations lengths and diameters. The 
results are presented in the following subsections.  
 
5.1.1 Perforations Tunnels Length 
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Three lengths of 10cm, 14cm and 18cm were considered (length measured from wellbore 
wall to perforation tip), and other model parameters were kept constant. Figure 5.1 shows 
the model geometries.  
 
Fig.5.1. Three perforations tunnel lengths used for simulations (10 cm left, 14 cm middle and 18 cm right) 
Figure 5.2 depicts the results of simulations performed with perforation tunnels 
length of 10 cm. As can be seen from this Figure, the fracture reoriented soon after it 
started to initiate and propagate. Also, multiple fractures near wellbore were formed. It 
can be noted that shorter perforations tunnels may result in such undesired fracture 
initiation geometries. This is due to the increased induced stresses near wellbore as 
compared to lower stresses away from the wellbore. Figure 5.2 (top) shows the fracture 
aperture with Figure 5.2 (bottom) presenting the fracture fluid pressure distribution in the 
model.  Figure 5.3 depicts the results of simulations performed for perforations tunnels 
with length of 14 cm. Compared to Figure 5.2 it is seen that with increased perforation 
length, fractures initiated and propagated more aligned to the minimum horizontal stress, 
with no curving near wellbore.   
 




Fig.5.2. Simulations results perforations tunnels with length of 10 cm 
 
Fig.5.3. Simulations results of perforations tunnels with length of 14 cm 
Figure 5.4 presents the results of simulations performed with perforations tunnels 
length of 18 cm, which is longer that the two previous cases. The results show that both 
fracture wings propagate along the preferred fracture plane, i.e. perpendicular to the 
minimum horizontal stress. Also, in this case, larger fracture area is formed with less 
initiation pressure comparing to the previous cases when injecting the same fluid volume. 
Figure 5.5 depicts fluid pressure histories for the three cases as a function of time, less 
initiation pressure was required to initiate fractures of longer perforations tunnels 
comparing to models with shorter perforations tunnels when injecting the same fluid 
volume. This implies that the longer perforations tunnels lengths will improve the 
initiation and propagation of the induced fracture. One should consider the detrimental 
effect of longer perforation tunnel in terms of its stability and define the optimum length 
which satisfies both stability and reduces fracture tortuosity.    




Fig.5.4. Simulations results of perforations tunnels with length of 18 cm 
 
Fig.5.5. Pressure -time curves corresponding to three perforations tunnels lengths 
 
To further investigate the effect of perforations tunnels length on fracture initiation 
and propagation, a model that includes closely spaced perforations tunnels was built as 
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depicted in Figure 5.6. Two simulations were performed with perforations tunnels length 
of 10 cmand 18 cm, respectively. In both cases the distance between the perforations 
tunnels is 20 cm.  
 
Fig.5.6. Model with two perforations tunnels of 10 cm length 
Figure 5.7 depicts the results of this simulations for the case of perforation lengths of 10 
cm. From the Figure fracture reorientation and multiple fractures are observed in both 
perforations. The small perforation length is the reason for such undesired fracture 
propagation as also was observed in case of one perforation tunnel model.  




Fig.5.7. Simulation results of a model with two perforations tunnels with length of 10 cm 
The results of simulation for two perforations with length of 18 cm are shown in 
Figure 5.8. Fracture propagation is more perpendicularly aligned to the minimum 
horizontal stress in this case as compared to the case of perforation length of 10 cm. 
Again, as was observed for the case of one perforation model, increasing the perforation 
length results in improved fracture initiation and propagation.  
 




Fig.5.8. Simulation results of a model with two perforations tunnels with length of 18 cm 
5.1.2 Perforations Tunnels Diameter 
In this section we present the effect of perforations tunnels diameter on fracture initiation 
and propagation. Several simulations were performed while varying the perforations 
tunnels diameters and keeping other model parameters constant. As the tensile strength 
of the rock surrounding the perforations tunnels changes with the change of the 
perforations tunnels diameter, it is expected that the breakdown pressure would change 
as the diameter changes. Also, as the perforations tunnels diameters varies, the fluid 
pressure would change. Previous studies suggested that the increase in perforations 
tunnels diameter would reduce the fracture breakdown pressure (Quattlebaum et al. 2012) 
to investigate the effect of perforations tunnels diameter on fracture initiation, we will use 
several perforations tunnels diameters values and compare the results based on fracture 
breakdown pressures and fracture initiation shape near wellbore.  
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The results of three simulations with perforations diameters of 2.4 cm, 3 cm, and 3.6 
cm are presented here. In all three cases, the perforation length was considered as 18 cm. 
Figure 5.9 shows the results corresponding to perforation diameter of 2.4 cm. The fracture 
plane propagated perpendicular to the minimum horizontal stress direction with slight 
reorientation on the upper fracture wing and minor multiple fractures developed near 
wellbore.  
 
      Fig.5.9. Simulations results of perforations tunnels with diameter of 2.4 cm 
The results of simulations with perforation diameter of 3 cm are presented in Figure 
5.10. The undesired multiple fracture growth near wellbore is reduced and the fracture 
plane is more aligned with the preferred propagation plane, as compared to that of smaller 
perforation tunnel of 2.4 cm.    
 





Fig.5.10. Simulations results of perforations tunnels with diameter of 3 cm 
The results of simulations corresponding to the perforation diameter of 3.6 cm are 
shown in Figure 5.11. It is seen that by increasing the perforation diameter the fracture 
propagates more aligned with the preferred propagation plane and no multiple fractures 
developed near wellbore. Similar to the previous case. Figure 5.12 depicts fluid pressure 
histories for the three cases as a function of time, less initiation pressure was required to 
initiate fractures of larger perforations tunnels diameters comparing to models with 
smaller perforations tunnels diameters when injecting the same fluid volume. This implies 
that perforations tunnels lengths will larger diameters will improve the initiation and 
propagation of the induced fracture. 




    Fig.5.11. Simulations results of perforations tunnels with diameter of 3.6 cm 
 
Fig.5.12. Pressure -time curves corresponding to three perforations tunnels diameters 
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 5.2 Field Stress Anisotropy  
To examine the effect of stress anisotropy on fracture initiation, numerical simulations 
were carried out using a wide range of horizontal stress anisotropy as listed in Table 3. 
All other model parameters were kept unchanged. As it is seen from Table 3, the ratio of 
minimum to maximum horizontal stress is changed up to 30% which is commonly 
observed in real fields. Also, in this Table, the values of differential stresses are presented.   
Table 3 The range of horizontal stress anisotropy used for the simulations 









1 2 2.85 3 0.7 
2 2 2.35 3 0.85 
3 2 2 3 1 
 
    Fig.5.13. Simulations results for perforation models with horizontal stress ratio of 0.7 
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Figures 5.13 and 5.14 present the simulation results when the stress ratio is 0.7 and 
0.85, respectively. Injecting the same volume of fracturing fluid, it is seen that as the 
stress ratio increases, the fracture plane becomes more aligned to the direction of the 
preferred propagation plane with a larger length.        
 
Fig.5.14. Simulations results for perforation models with horizontal stress ratio of 0.85 
The result of simulation for the case with larger anisotropy ratio of 1 is presented in 
Figure 5.15. The result further confirms that reducing the stress anisotropy, the fracture 
geometry become curvier, with more tendency to deviate from the direction of preferred 
propagation plane and also observation of multiple fractures near wellbore. In fact, as the 
stress anisotropy reduces, the rock properties play a more important role in fracture 
initiation and propagation.  
 





Fig.5.15. Simulations results for perforation models with horizontal stress ratio of 1 
 
Fig.5.16. Pressure -time curves corresponding to three stress ratios 
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5.3 The effect of Stress Regimes 
Simulation results presented in this Chapter so far were performed considering a normal 
stress regime setting. In this section we present simulation results corresponding to the 
reverse and strike slip stress regimes. For this purpose, the previous model with the same 
parameter values will be used here but only the order of the stresses is changed.  
5.4.1 Reverse Stress Regime 
For the case of reverse stress regime, the differential stresses of v=1 MPa, h=2 MPa 
and H=3 MPa were applied. Simulations were done using both horizontally and 
vertically oriented perforations tunnels. Figure 5.17 depicts simulations results of a 
horizontally drilled wellbore along the direction of h in a reverse stress regime and the 
perforations tunnels placed vertically at the top and the bottom of the wellbore. It is 
observed that in this case an axial fracture initiated from the wellbore wall and propagated 
away from the wellbore. It can be also noted that since in this case the perforations tunnels 
are placed vertically, a transverse fracture initiated first, but reoriented as soon as 
propagated away from the wellbore to form an axial fracture. For the case of perforations 
tunnels being placed horizontally on the two sides of the wellbore, an axial fracture 
initiated and propagated along the preferred propagation plane, as depicted in Figure 5.18. 
The pressure-time curves corresponding to these two cases are shown in Figure 5.19. 
From this Figure, it is seen that less fracturing fluid was required to propagate the fracture 
in the case where the perforations tunnels were placed horizontally as compared to that 
of the perforation tunnels placed vertically with respect to the wellbore.     




Fig.5.17. Simulation results of reverse stress regime with vertical perforations tunnels 
 
Fig.5.18. Simulation results of reverse Stress regime with horizontal perforations tunnels 




Fig.5.19. Pressure -time curves corresponding to perforations tunnels placed horizontally and vertically 
with respect to a horizontal wellbore drilled alongh in a reverse stress regime 
5.4.2 Strike Slip Stress Regime 
In this section, the results corresponding to the case of a strike slip stress regime are 
presented. Differential stresses of v=2 MPa, h=1 MPa and H=3 MPa were considered 
for this case. The perforation length and diameter in these models were considered to be 
18 cm and 3 cm, respectively. Figure 5.20 depicts the results of fracture initaition and 
propagation with the perforations tunnels placed vertically on the top and the bottom of 
the horizontal wellbore drilled along the h. Similarly, the results correspondinng to 
perforation tunnels placed horizontally on the sides of the wellbore are presented in Figure 
5.21. The results of these two Figures show that the orientation of the perforations tunnels 
(vertical versus horizontal) do not have a significant effect on the fracture orientation and 
propagation, as compared to the reuslts obtained for the reverse stress regime presented 
in the previous section. The fracturing fluid pressure required to initiate the fracture in 
both cases is plotted in Figure 5.22. From this Figure the results appear relatively similar 
with nearly the same fracture breakdown pressures.  




Fig.5.20. Simulation results of strike slip stress regime with vertical perforations tunnels 
 
Fig.5.21. Simulation results of strike slip stress regime with horizontal perforations tunnels 




Fig.5.22. Pressure -time curves corresponding to perforations tunnels placed horizontally and vertically 
with respect to a horizontal wellbore drilled alongh in a strike slip stress regime 
 5.4 Deviated Perforated Wellbore 
A model with a 45° deviated wellbore and vertical perforation with respect to the wellbore 
axis are considered here for simulations. The perforation length and diameter in these 
models were considered to be 18 cm and 3 cm, respectively. The Simulations were 
performed for normal, strike slip, and reverse stress regimes. Figure 5.23 depicts the 
model geometry used in the simulation. Figure 5.24 (a), (b) and (c) show the front views 
of simulation results with respect to the normal, reverse and strike slip stress regimes, 
respectively. As can be noted from these Figures, in all three cases, two fractures initiated 
and propagated from the two perforations tunnels and did not link up with each other, 
unlike what was observed in the case of models with horizontal wellbores. Also, it can be 
seen that the fractures in all three cases initiated from the perforation tunnels tip. For the 
strike slip stress regime, larger fracture areas were formed compared to the normal stress 
regime, which is due to the larger horizontal stress anisotropy for the earlier case. In both 
cases, the fractures initiated perpendicular to the minimum horizontal stress. For the case 
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of the reverse stress regime, the fractures initiated from the tip of the perforations tunnels 
and propagated perpendicular to the vertical In-situ stress.            
 
Fig. 5.23. Model geometry for a 45° deviated wellbore with perforations perpendicular to the wellbore 
axis 
 
Fig. 5.24. Fracture propagation in a 45° deviated wellbore with perforations perpendicular to the wellbore 
axis in a normal (left) strike slip (middle) and reverse (right) stress regime  
  
 5.5 Oriented Perforations Tunnels Method 
In this section, numerical simulation results are presented for the case of oriented 
perforations tunnels. The simulations were carried out using a vertical wellbore and 
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considering normal, strike slip and reverse stress regimes. Figure 5.25 depicts the three 
cases considered in this section. Perforation diameters and lengths were considered to be 
3 cm, and 18 cm in the performed simulations. All perforation tunnels are directed 
perpendicular to the minimum horizontal stress. 
 
 Fig. 5.25. Side view of three models considered for oriented perforation tunnels (from left normal, strike 
slip and reverse stress regimes, respectively) 
. Six time steps of simulation are shown in Figure 5.26 for the case of normal stress 
regime to observe the fracture initiation and propagation as time volves. From Figure 
5.26, it is seen that axial fractures started to initiate randomly from the perforations (time 
steps 2 and 3). As the simulation continues, axial fractures merge, and form two axial 
fractures as can be observed in the last time step.    




Fig. 5.26. Simulation results of fracture initiation of oriented perforations tunnels in a normal stress 
regime setting as time evloves 
Figure 5.27 shows similar results for the case of strike slip stress regime. In this case 
it can be seen that the fractures initiate from perforations on one side of the wellbore first 
(see time steps 3 and 4), and also, that fractures initiate symmetrically with respect to the 
wellbore axis. These geometries are due to the higher horizontal stress anisotropy as 
compared to the case of the normal stress regime. Similar to the case of the normal stress 
regime, as time evolves, fractures combine and form two axial fractures.  
 




Fig. 5.27. Simulation results of fracture initiation of oriented perforations tunnels in a strike slip stress 
regime as time evolves 
The results corresponding to a reverse stress regime are shown in Figure 5.28. In this 
case, fractures are expected to initiate and propagate transverse to the wellbore (parallel 
to vertical stress), as can be seen from the results corresponding to time steps 2 and 3. 
The fractures started to initiate randomly from the perforations and as the simulation 
continues, the two fractures on the lower and upper perforations propagate away from the 
wellbore, while fractures in the middle did not propagate due to the stress shadow effect 
of outer fractures. Figure 5.29 depicts results of pressure time histories of oriented 
perforations tunnels method. It can be seen from the Figure that the fracture breakdown 
pressure for the case of a reverse stress regime is lower than the cases of normal and strike 
slip stress regimes, this is due to the fact that in a reverse stress regime, transverse 
fractures were initiated and propagated, which require less pressure to breakdown as 
compared to the case of an axial stress regime.  




Fig. 5.28. Simulation results of fracture initiation of oriented perforations tunnels in a reverse stress 
regime as time evolves 
 
Fig.5.29. Pressure -time curves corresponding to oriented perforations tunnels method 
 5.6 Spiral Perforations Tunnels Method 
In this section, the results of simulations are presented for spiral perforations tunnels, 
which are commonly used in the industry. The results are presented considering 
normal, strike slip and reverse stress regimes. Figure 5.30 shows the model geometry. 
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Perforation diameters and lengths were considered to be 3 cm, and 18 cm, 
respectively. Six perforation tunnels are placed along the vertical wellbore, while 
maintaining a perforation phasing of 60 degrees between the perforations. The 
second and fourth perforations tunnels from top are directed perpendicular to the 
minimum horizontal stress. 
 
Fig. 5.30. Side view of three cases considered for spiral perforation tunnels geometry (from left normal, 
strike slip and reverse stress regimes, respectively) 
Figure 5.31 depicts the results of simulations for the case of normal stress regime.  It 
is seen that the fractures started to initiate in most perforations at the beginning of 
simulation. As the simulation continues (see time step 3) the fractures initiated further 
from the first and fourth perforations from top (these are the two perforations placed 
perpendicular to the minimum horizontal stress). Time step 4 shows that the propagation 
of fractures from the first and fourth perforations from the top. These two fractures 
continue to grow, and form two axial fractures as seen in the last time step. 
Figure 5.32 show the results for the case of a strike slip stress regime. Here the 
fractures started to initiate in most perforations as seen from the time step 2At time step 
4, the fractures propagate from first, second and fourth perforations from the top. These 
fractures continue to grow as seen in time step 5 and finally, fractures from the first, 
second and fourth perforations propagate and form three axial fractures.   




Fig. 5.31. Simulation results of fracture initiation for spiral perforations tunnels in a normal stress regime 
as time evolves 
 
Fig. 5.32. Simulation results of fracture initiation of spiral perforations tunnels in a strike slip stress 
regime as time evolves 
Finally, Figure 5.33 presents the results for the case of reverse stress regime. The 
previous results for the case of reverse stress regime (i.e. for straight perforation 
geometries) showed that fractures on the top and bottom of the wellbore propagated and 
prevented other fractures to grow. Here, when the perforations are spiral, it is seen that 
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(see time steps 4 and 5) that the fractures started to initiate from most perforations. 
Ultimately, the fractures propagated from three perforations located in the middle of the 
wellbore, whereas shorter fractures propagated from perforations located at the top and 
the bottom of the wellbore.  
 
Fig. 5.33. Simulation results of fracture initiation of spiral perforations tunnels in a reverse stress regime 
as time evolves 
 
 
Fig.5.34. Pressure -time curves corresponding to spiral perforations tunnels method 




 5.7 Summary  
In this Chapter, numerical simulation results of hydraulic fracturing from perforated 
wellbores were presented. Sensitivity analysis of several parameters related to 
perforations tunnels were performed, and results were interpreted and discussed. Topics 
covered in the simulations included: effect of perforations tunnels geometry on fracture 
initiation, effect of perforations tunnels spacing on fracture initiation, effect of stress 
regime on fracture initiation, oriented perforations tunnels and spiral perforations tunnels. 
In the next and final Chapter, conclusions and recommendations based on this project will 





Conclusions and Recommendations 
 
 
The first Section of this Chapter lists the main conclusions made from this work and the 
second Section presents some of the future work that is recommended as continuation of 




From this study the following conclusions are drawn:  
 Fluid pressure inside wellbore can affect the type of fracture initiated near wellbore. 
At a certain wellbore pressure, the fracture initiates as an axial fracture as opposed to 
a transverse fracture, it is critically important to determine the pressure at which the 
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fracture changes from transverse to axial fracture to properly initiate the fracture near 
wellbore.  
 In perforated wellbores, properties and thicknesses of casing and cement used in the 
wellbore plays an important role to determine the type of fracture initiation near 
wellbore. Higher casing and cement thicknesses increase the possibility of a 
transverse fracture to initiate. Higher strength and Young’s modulus values also result 
in higher possibility of a transverse fracture to initiate.  
 Analytical solutions serve as a great tool to predict the fracture initiation geometry 
near wellbore. Several solutions are used to predict the type of fracture initiated 
depending on orientation of wellbore relative to field stresses. It is found that if the 
wellbore is drilled parallel to minimum horizontal stress, the fracture is more likely 
to initiate as a transverse fracture. If the wellbore is drilled parallel to maximum 
horizontal stress, the fracture is more likely to initiate as an axial fracture.  
 The lattice numerical simulation method can serve as a great tool to estimate the type 
of fracture initiated near wellbore, and the mechanism at which the fracture 
propagates away from wellbore.  
 It is found from the numerical simulation performed in this study that the perforations 
tunnels geometry can affect the type of fracture initiated. For longer perforation 
tunnels, the fracture initiates in a more desirable manner as compared to shorter 
perforation tunnels, also for longer perforation tunnels the fracture initiation pressure 
is less than that of shorter perforations tunnels.  
 Perforation tunnels diameter can affect fracture initiation near wellbore. For larger 
perforations tunnels diameter, the fracture initiates in a more desired manner near 
wellbore as compared to smaller perforations tunnels diameter, however more 
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fracturing fluid is required to initiate a fracture from a larger perforation diameter as 
compared to a smaller one.  
 Field stresses magnitudes and directions have an impact on fracture initiation. At 
higher horizontal stresses ratios, fracture initiate near wellbore with no specific 
anticipated direction. At lower horizontal stresses ratios, fractures initiate 
perpendicular to minimum horizontal stress and less fracture initiation pressures.  
 Spacing between perforations tunnels influence fracture initiation. Fractures tend to 
initiate more preferably for perforations placed distant from each other. For 
perforations placed close to each other, some perforations might not initiate fractures 
due to increased stress shadow caused by nearly placed perforations.  
 The orientation of perforations tunnels with respect to field stresses and wellbore 
orientation plays an important role in fracture initiation. For a vertical wellbore, it is 
recommended to place the perforations tunnels perpendicular to horizontal field 
stress. For a horizontal wellbore oriented parallel to minimum horizontal field stress, 
and for a strike slip stress regime, placing the perforations tunnels vertically or 
horizontally has the same effect on the fracture initiation. For a horizontal wellbore 
oriented parallel to minimum horizontal field stress, and for a reverse stress regime, 
placing the perforations tunnels vertically largely reduces the fracture initiation 
pressure.  
 When the oriented perforations tunnels method is used as a stimulation technique in 
a vertical wellbore, and for a normal stress regime, fractures tend to initiate randomly, 
as they tend to propagate, fractures combine and form an axial fracture. In a strike slip 
stress regime, the initiation of fractures is more symmetric, and fractures eventually 
combine and form an axial fracture. For a reverse stress regime, fractures initiate from 
outer perforations and form transverse fractures.  
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 When the spiral perforations tunnels method is used as a simulation technique in a 
vertical wellbore, and for a normal stress regime, fractures tend to initiate from 
perforations oriented perpendicular to minimum horizontal field stresses. Less 
propagation happens from other perforations tunnels. In a strike slip stress regime, 
and due to higher horizontal stress anisotropy, fractures initiate from perforations 
oriented perpendicular to horizontal field stresses and from other perforations tunnels 
as well. In a reverse stress regime, fractures initiate and propagate from fractures 
placed at the middle of the wellbore.  
6.2 Recommendations 
Below are some ideas that can be investigated in future related to hydraulic fracturing in 
perforated wellbores. 
 The effect of casing and cement thicknesses and properties on fracture initiation near 
wellbore can be experimentally studied and investigated.  
 The effect of perforation tunnels geometry with regards to diameters on the tip and 
base of the perforations tunnels on fracture initiation can be analytically and 
numerically studied.  
 It would be useful if data from field studies are used to verify results of simulations 
and analytical studies from literature.  
 The effect of stress shadow applied from perforations tunnels on adjacent perforations 
on fracture initiation can be further investigated using different tools and research 
methods.  
 The location at which the fracture initiates from the perforation tunnels (tip or base) 
needs to be studied be numerically.  
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 Other newly developed techniques of perforation tunnels such as jet perforating can 
be investigated for field applications.  
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